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ABSTRACT 
PART I 


The peroxide-initiated free radical chain cyanation 
of several hydrocarbons with methyl cyanoformate has 
been investigated. The reaction is proposed to proceed 
through the intermediacy of an iminyl radical formed by 
the addition of an alkyl radical to the carbon-nitrogen 
triple bond. The resulting iminyl radical undergoes B- 
Scission to form the alkyl cyanide, carbon dioxide, and 
a methyl radical which subsequently carries the chain. 
Only traces of products, possibly arising from carbonyl 
addition, were observed. 

The peroxide promoted reaction of the reagent with 
2,4-dimethylpentane yielded only minor amounts of the 
three possible cyanides (20%), but gave as the major 
product in 55%. yletd, the-diftnmertonalrzed heterocycle, 2- 
carbomethoxy-3,3,5,5-tetramethylazacyclopent-l-ene. A 
reaction pathway for the formation of the cyclized 
product was proposed to proceed by addition of the initially 
formed tertiary alkyl radical to the cyano triple bond 
to form the iminyl radical, the same radical used to 
rationalize the chain cyanation; internal hydrogen abstrac- 
tion by the iminyl radical formed by this addition 
followed by addition of the new tertiary radical to the 
nitrogen of the imine double bond and disproportionation 


of the new radical to yield the difunctionalized cyclic 
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product In av-nonchain process. Consistent with this 
mechanism was the observation that a modest yield (22%) 
of difunctionalized cyclic product, 2-cyano-3,3,5,5-tetra- 
methylazacyclopent-l-ene, was formed from the reaction 
of cyanogen with 2,4-dimethylpentane. 

The benzoyl peroxide initiated cyanation reaction 
of several hydrocarbons using oxalyl cyanide and carbonyl 
cyanide was attempted. The reactions proceeded by a non- 
chain mechanism, and only with cyclohexane, was a moderate 
yield (~50%) of cyanation product (cyclohexyl cyanide) 
obtained. The reactions failed to proceed to any appre- 
ciable extent (<1%) with several other substrates, such 
as 2,3-dimethylbutane and 2,4-dimethylpentane. The 
formation of a dark brown precipitate, paracyanogen, in 
reactions of carbonyl and oxalyl cyanide with all of the 
investigated hydrocarbons, indicated that cyanide radicals 
are produced in these reactions. It appears that cyanide 
radicals are not good chain carriers, and further that 
carbonyl and oxalyl cyanide are not useful as cyanating 
reagents. A plausible mechanism for the formation of 
cyclohexyl cyanide has been discussed. The reaction is 
proposed to proceed by the addition of a cyclohexyl radical 
to the carbon-nitrogen triple bond of the cyanide group to 
form an iminyl radical intermediate which undergoes 8- 


SCTSS1OnUto .formecyclohexy| cyanide. 


vi 


a) 


i 4 hg : i ot 4 ay, fall Ay 
: sy f i 7 nae 
rit ir sianeranid ogden one wit me | 
(269) brehe LeRbom w ands WORRyveeee oad 2 kW 


Phid 
Mn 
2 ¥ 


#1299 Bab ness soubera: sfyyt vax fang 


sotivaay sett mowt .fhomvet gew eenagt? Anagatde: 


-aneau aq inna sinth=5 % igi ina 


pr 
aptioeet optrangys tetiet Pret ah Koved. fy oee! 


hs re Lew 
iVeodtss bas Sbinsys Where poten 2ROGARIO TI Te 


| en 


fe 


Ton 68 NG baetessorg oNGtrSe84 ae) -pavaways s a Te 
SF BN 9H OM . 26M pganedie' WS digit \ 2010 (Ts etna Fie | 
(obineys fyvesifaitvs) tau biwe ‘gob sfaxvn Fo ga. ta 
spate ver pt Lauspg oF ot Fae ame t$e gyy @At 
foo? ,wWedars erie Sony Temas aigihy Cet >) snatice| 
ony, tno Wet So eeh Fis Han mane seiamitaatoll 
ni, . Vapadenges ag 38 tin ail ren ad 4 m4 | 
oft Fo. (fe wItW, SH TMEYD AEN ng, bie Tyads ‘a? Te an 
igs Ver eh trey bed} bate atba int shoshadortiya reer 


ebiagyo 4 ole enssues, IT it his ‘eras ae sésinoeg al 4 


@ 


teil +Stawi Pet , Ey oinay rene hosp ten see BF 


MTP AOS SE TUISey IS See Beiiaen Ivtann dhe OOnRe 


+6 Hol dna Or Ont 45% Pas or Hee eidleavela A aT iegee 


ri 
1 


e} noljosey ont PALEUISth qe Rot Sb TABI tixeneta Wea 
haute a ae & 70 vetdtbbhs wi a bevaeiy ot bweoiney : 
oy dete “eht tows 345.t0 “brow alain, i BOY Eri- nudes wn 


? 
“8 Seoisiny ASI iy afi feria 24 eat hie rene otk oe 


- patting: Einmorayy wie La oF ane 


PART II 


The photodecomposition of azoisopropane (AIP, 0.1 M), 
in solutions of substituted toluenes, which contained 
thiophenol-d (0.5 M) yielded propane, propane-2-d, pro- 
pene, phenyl propyl-2-d sulfide, nitrogen and small 
amount of isopropyl hydrazone. A material balance, based 
On isopropyl radicals produced, showed that very little, 
if any, of the propane formed was the product of an 
abstraction reaction from the solvent toluene. The 
propane, instead, was formed primarily from a cage dis- 
proportionation reaction. The relative rates of forma- 
tion of propane and propane-2-d, produced by abstraction 
from thiophenol-d (0.5 M), varied in a uniform manner 
from substrate to substrate. The values of these rela- 
tive rate constants correlated with, o, substituent 
constants. Since it had been previously demonstrated 
for the substituted toluenes that the log of their relative 
viscosities correlated with their, o, substituent constants, 
it was clear that the apparent correlation of the 
relative rates in the present system could be related 
to tne viscosity of the media; The importance. of Cage 
disproportionation was further substantiated since, a 
plot of 1/cage yield correlated with the fluidity (1/n) 
of the solvents. 


Further, it is demonstrated for both isopropyl 
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radicals and tert-butyl radicals that the product dis- 
tributions in solvents (benzenes) and toluenes are the 
same. In the presence of thiophenol, neither isopropyl] 
radicals nor tert-butyl radicals add to the aromatic 
ringy 

The viscosity dependence of the product distribution 
obtained from the-self reaction of-tert-butyl radicals 
generated as encounter pairs had previously been ex- 
plained using a collision model. 

A study of the azo decomposition reaction afforded 
an opportunity to compare the viscosity dependent behavior 
of radical pairs, generated as geminate pairs to that 
reported for encounter pairs. 

In order to investigate the dependence of the 
cage disproportionation-combination ratio of tert-butyl 
radicals on the media, the photodecomposition of 2,2'- 
azoisobutane (0.1 M) was carried out in inert solvents 
using thiophenol (0.5 M) as a Scavenger. The ky/k. 
ratios observed were almost identical to those obtained 
from the reaction of encounter pairs over a range of 
viscosities from 0.48-2.67 cP. The similarity of values 
obtained at these low viscosities suggests that the 
tert-butyl radical pairs, generated from the azo photoly- 
sis, are formed with sufficient rotational energy to 
appear to be randomly oriented. Over the range of 


viscosities from 12-808 cP the ratio of termination rate 
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constants does not increase significantly, and it appears 
that the free reorientational model fails to predict 
the values of kK g/ke: The behavior of the geminate pairs 
in the very viscous solvents suggests that a random 
array of collisional orientations is not available to the 
baciical Patrs atebirth. Ihe orientation of the radicals 
upon formation appears to favor the combination process. 
The plot of cage efficiency (1l/cage yield) for tert- 
DUCyiNivedtcalsevs. stluiaity ot the solvents, (1/9) 5 gave 
a nearly linear correlation. At high viscosity some 
deviation from linearity was observed. 
Finally, the viscosity dependence of the k /k. Kaitos 
for isopropyl radicals is discussed qualitatively using 
CmcOu ss On MOdGeamus Iislak oO Con dtuelsed sor etne atert— 
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INTRODUCTION 
PART I 
Free radical cyanation of alkanes using cyanogen 
chloride, CICN, was first reported by Mtiller and Huber! 
and the mechanism of this reaction was extensively studied 


2,3,4 


Dye aniver-eu “al, who used both cyanogen chloride, 


CICN, and cyanogen bromide, BrCN, as cyanating agents. The 
mechanism of this benzoyl peroxide initiated reaction was 
Shown to involve the reversible sequence depicted in 


Scheme 1. 


i) Nie et RAS eRe ot HX 


iei;) Re + XEN == i ReCHih 
iii) R-C=N° eR Che ake 


(SCHEMES } 


During the course of the investigation of the 
mechanism of this reaction, an alternative chain mechanism 
was considered for the formation of the alkyl cyanide.¢ 
This involved hydrogen abstraction by a cyanide radical 


as shown in Scheme 2. 
9, RH + CNe ———> R- + HCN 
ii) HCN + CICN -———® HCl + (CN), 
iii) Re + (CN), ———™ RCN + CN 


(SCHEME 2) 
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The proposed radical displacement on cyanogen was in- 
vestigated by studying the radical chain reaction of cyano- 
gen with 2,3-dimethylbutane in the presence of catalytic 
amounts of benzoyl peroxide. Instead of the anticipated 
tertiary cyanide, which was the product from the reaction 
with the cyanogen halides, a high yield of a 1:1 adduct (1) 


of the hydrocarbon and cyanogen was obtained. This was the 


only observed product (Scheme 3). 


i) eH A Ae <a SERRE 704 


ae) 
oe) 


(SCHEME 3) 


The iminocyanide (1) could be quantitatively converted 
by hydrolysis to the acyl cyanide (2) or to the corres- 
ponding carboxylic acid (3). The chain mechanism, de- 
picted in Scheme 4, was proposed for the formation of the 


adduct. 
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i) Ine + RH ———p InH + R° 


Ne 
ii) Re + (CN), ——»> R-C-CN 
: 
i" i 
Py RECO Nie Re RECON ORS 
4 5 


~ aS 


In Benzoyl peroxide. 


(SCHEME 4) 


This mechanism implies that the cyanide group is not 
a good leaving group since the intermediate iminocyanide 
radical (2 abstracts a hydrogen atom to give the imino- 
cyanide (5) rather than undergoing 8-scission to give 
the alkyl cyanide and a cyanide radical. 

The selective homologation of a hydrocarbon by one 
or two functionalized carbon atoms has some potential 
Synthetic utility. Although the cyanation reactions with 
cyanogen halides were successful they were of limited 
utility because the corresponding alkyl halide, RX, was 
formed as another major product thereby limiting the yield 
of RCN. The alkyl halide, RX, was shown to arise through 
the oxidation, by benzoyl peroxide, of the hydrogen halide 
formed in step (i), Scheme 1, and the subsequent halogena- 
tion of the substrate by molecular chlorine® or bromine.” 
Unfortunately the analogous reaction with cyanogen failed 
when tried with a large number of other substrates.° 


: ; : 5 
While these studies were in progress, Bentrude 
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reported a free radical addition to biacetyl. The re- 
action sequence which leads ultimately to the formation 


of acetylation products is shown in Scheme 5. 


i) Ine + RH ———wm Re + InH 


0 0 ra 
a 6 a \ 
ii) Re + CH3-C-C-CH, == CH-C-C-CH, 
R 
0 0 
o> 7 a De ! I A 
ne?) CH3-C-C-CH, See REO TEH ays CH,-C 
R 
(SCHEME 5) 


However the low to moderate yield of acetyl products, 
uSing high concentration of benzoyl peroxide, suggested 
either a short kinetic chain or the absence of a chain 
mechanism. These reactions are of interest because of 
Lhe te possible synthetic applications. 


Subsequently, Tanner and Das® attempted the synthesis 


oped) 
now 
of pyruvyl cyanide, CH2-C-C-CN. It was thought, by analogy 


to Bentrude's acylation neactionye thatethis,.substrate.~could 
be used as a possible reagent for the cyanocarbonylation 


of hydrocarbons: 


0 0 0 
il | 
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R- + CH -CN (1) 
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It was hoped that this transformation, which leads to the 
formation of acyl cyanide such as (2), could be effected 


using different substrates, since the attempted transforma- 
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tion uSing cyanogen were only successful with 2,3- 


dimethylbutane. 
NH 


T 
Re + NCCN ——m R-C-CN ——mR-C-CN (2) 
R = 2,3-dimethylbutane. 


However, when the synthesis of pyruvyl cyanide was 
attempted from the corresponding acyl chloride and 
Cuprous cyanide, a reaction known to be successful with 
Sener acid Pali dee” only acetyl cyanide was obtained. 
Sance the acetyl cyanide could be formed from acetyl 
chloride under these conditions.’ the possibility of the 
Fragmentation of pyruvyl chloride to form acety] chloride 
was investigated.° 

ine cyclohexane solution, pyruvyl) chionide., itn. the 
presence of benzoyl peroxide (5%) and light or AIBN (8%), 
not only gave acetyl chloride, but also products re- 
Sulting from a series of radical displacement reaction 
On pyruvyl chloride. These products were cyclohexane 
carboxylic acid chloride, cyclohexyl methyl ketone, and 
cyclohexyl chloride along with hydrochloric acid, methane 
and carbon monoxide. The product distributions obtained 


in these reactions are listed in Table (1). 
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TABLE 1 


Products from the Initiated Reaction of Pyruvyl Chloride 
(0.2 M) in Cyclohexane® 


Initiator Tempe C CH2COCI CeH, ,COCH. CoH, ,COCl C-H,,Cl 


O11] 
Bz,0, (5%) 98 S03 10.0 o95 3 
light 40 54.3 10.2 3050 D0 
AIBN (8%) 40 75 3 17 trace 


The preference for addition of the alkyl radical to the 
electron deficient carbonyl is evident from the 1:3.8 
ratio of cyclohexyl methyl, ketone to cyclohexyl carboxylic 
acid chloride, the products which were obtained from the 
Besti1ssi0n of the corresponding alkoxy radical... Little 
direct radical displacement on chlorine was observed as 

is evident by the low yield of cyclohexyl chloride found 
in the reaction mixtures. Several radical chain sequences 


were proposed to rationalize the results observed (Scheme 6). 
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ii To 
i Re + CHa-C-C-C] ——> CH3-C-C-Cl 
one 0 a0 
it) CH3-C-C-CI eRe ON PECK -C- 
R 
: 
117) CH3C* ——t CHa- + C0 
iv) RH + CH: saa CHa + Re 
Ge: 
a , 
Te Ret CH= C=C-C)) (ae RET CH -C-C* 
a 
iit) CH4-C-C» —— CH, + 2 C0 


aS, RH + CH3° Tagg ea wa 


(SCHEME 6) 


Phe direct. antroductionm of; tunctaonalsaroups.ssuch 
as the carboxyl group into saturated hydrocarbons was 


8 They re- 


first investigated by Kharasch and Brown. 
ported the chloroformylation of a series of hydrocarbons 
using oxalyl chloride. The reactions were initiated 


photochemically or by using benzoyl peroxide. 
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The proposed mechanism is shown in Scheme 7 
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171.) R-C-C-Cl [== RcOCT + -COCT 
Gd 


iste) °cOC] ——™ CO + Cl’ 


iv) Cle + RH —— p> Re + HC] 


(SCHEME 7) 


This method was later used, for example, in the chloro- 
Formy bationvor (2.2) paracyclophane” and adamantane. |° 

A low yield of chloroformylation product was obtained 

when aralkyl hydrocarbons were used. This was attributed 
to.an) unfavorable.equilibrium, position,,as_in, Step, (i), 
Scneme af. < pew POsSi tironeo tec hemequalabriumenaturad ly 
depends on the stability of the radical R: 

The photolytic decomposition of ethyl cyanoformate in 
cyclohexane produced cyclohexyl cyanide (2%), ethyl cyclo- 
hexane carboxylate (19%), and ethyl cyclohexaneglyoxylate 
(3%). The gaseous products consisted of carbon dioxide, 
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hydrogen cyanide and ethylene. The formation 
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of the cyclohexylcarboxylate was rationalized by invoking 
a four-centered transition state (i), and the formation of 
gaseous products by a concerted pathway (ii), as shown in 


Scheme 8. 
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V4) fs 
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‘ / 
H— CH2 


(SCHEME 8 } 


No evidence was given for such a proposal. 
Considerable precedent may be found for the intra- 
molecular radical addition to the carbonyl group. An 


example of such an addition is the facile 1,2-acetyl 


shift reported by Reusch. !? 
"0 CH, 
‘ CH3 i 
1. ° 
Sag 2a), —> CH; Ge 6 Sasa ce eee e3)) 
CgHs 3 os 


Reusch!@ also suggested an intramolecular acetylation in 
the radical catalyzed conversion of isophorone oxide (6) 


to 2,4,4-trimethylcyclopentanone (7), (Scheme 9.) 
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mm 


Piesconversion) to! the ydienone (10) observed’ by 


Barton et pe in the photolysis of the nitrite (8), (Scheme 


10) can also be formally interpreted as proceeding by 


the addition of a carbon-free radical U2) to an unsaturated 


System, followed by fragmentation to form a carbonyl] 


Compound (10). 


ONO HO HC° HO 
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(SCHEME 10) 
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16 reported a new type of homolytic 


More recently Maillard 
cyclization involving a carbonyl, and demonstrated that 

a 7-membered ring, Oxepane, jsomerizes to cyclohexanol in 
Eneepresence Of tert=butoxy radicals. The author proposed 
a radical mechanism in which the principle component is 


the intramolecular addition of an alkyl radical to the 


carbonyl group (Scheme 11). 


O A 
t-BuO’ | 
—— —____»> 
ie 
O° OH 
_ > ——_»> 


(SCHEME ils 


Radical (11) was generated independently from w-halo- 
hexanal in the presence of tri-n-butyl stannane and AIBN. 


The radical was shown to produce cyclohexanol. 


Bu3zSnH 
OHC (CH,),-CH,-X Se (4) 


A number of examples of intramolecular radical additions to 
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oxygen of the carbonyl group have been reported. Thus 


the reduction of y-chlorobutyrophenone by n-Bu3SnH to yield 


2-phenyltetrahydrofuran was reported by Kuivila, !/ 
(Scheme 12)). 
O O 
y/, ° 
pee a ae o—f bh Dye 
Vel Bu3SnH \ / p 
AIBN 
12 13 


(SCHEME 12) 


The initially formed carbon radical (12) adds intra- 
molecularly to the oxygen of the carbonyl to produce 
radical (13) which is stabilized both by the benzene ring 
and the a-alkoxy group. 

Intramolecular radical displacements on the carbony] 
oxygen of ester groupings have also been observed. For 
example B-acyloxyalkyl radicals was shown to rearrange as 


shown in equation pe 


R R fe R 
oo be oo 


; , ——el OFF s9 | ——e | (5) 
RC —CHp RoC— CH? R»C—CH> 
More recently, packers explained the formation of certain 


lactones by a radical displacement reaction on the carbonyl] 


oxygen of the ester grouping (Scheme 13). 
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(SCHEME 913) 
The intramolecular radical addition to the oxygen 


of the carbonyl group has been particularly useful in 
functionalization of unactivated carbon in steroids. <° 
For example the hypoiodite reaction of 68-hydroxy-11-8- 
acetoxysteroid(|*), produced the 68,19-ether (16) as the 
main product (Scheme 14). 

There are no examples of intermolecular carbon 
centered radical attack on the oxygen of the carbonyl 
group, however there are a few reports of acyl radical 


gerdek Onnoxvygen on ketones to produce esterss- 7" 


2 used triphenyltin hydride and acyl chlorides to 


Kaplan 
generate the acyl radicals, which subsequently reacted 
with a ketone in a chain reaction to give a quantitative 


yield of esters (Scheme 195). 
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0 0 
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-Cl + (CoH Sne ee + (Cee) 4SnC1 


i) R" Be 


(ep) 


0 
| Y - il 
ii) R"-C+ + R-C-R' ——»RR'-CO-C-R" 


aoe Nes | " ' I u 
iii) RR'C-0-C-R" + (CoH, ) 3SnH —> RR CHO-CR" + (CeHe ) 4Sn* RA es 


(SCHEME 15) 


This reaction demonstrates a striking difference 
between acyl and alkyl radicals. Addition of the former 
to the oxygen atom of the carbonyl group probably involves 
Stabilization of its transition state by the contribution 


ofr podar seructuvestae 


fj 
Bi (6) 
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These results suggest that the addition of acyl radicals 
is very rapid and probably irreversible, whereas the 
addukion sot caikyl tadicals tonGarbony i, groups 1S reversdc 
Die@seraS 1S the B-scission of tert-alkoxy radicals.<¢ 
Reactions involving intra and intermolecular free- 
radical addition to the cyanide triple bond have been 
demonstrated in a number of cases. The cyanation reactions 
of cyanogen chloride’ and bromide” are examples of inter- 


molecular addition-B-scission reactions, whereas the 


chain propagation steps proposed for the reactions of 
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alkyl radicals with cyanogen contained a sequence in- 
volving addition followed by hydrogen abstraction.< 

Both inter and intramolecular radical additions to 
the cyanide triple bond to form an iminyl radical intermed- 
iate have been observed spectroscopically. The simplest 
imino radical, the methylene imino radical, CHo=N pro- 
duced by the addition of hydrogen atoms to hydrogen cyanide 
in a low temperature matrix, has been observed by esr 


spectroscopy. The more recent examples of intermolecular 


free radical addition to cyanide are provided by (ngolce sce) 
Both diethoxyphosphonyl radicals, (Et0),P=0, 
and trimethylsilyl radicals were allowed to react with 


tertiary butyl cyanide or acetonitrile in order to 


obtain the following unusually long-lived a-aminoalkyl 


madicals.: 

0 

i 
EoseeNe+ 3 (Et0)5P=0 —> t-Bu-C-NL (7) 

(Et0)>P=0 AlCEt) 
2 

0 
t-Bu-C=N + 4 Me 354 > (Me ,Si) ,CN(SiMes). +t-Bu* (8) 
CH3-C=N + 3 Me,Si ——BCH.(Me,Si)CN(SiMe3), (9) 


Very few examples of intramolecular addition to 
Cyantdemcan pestound wunethe Titerature.. “Very recently 


Ingo1d¢® studied the rate of cyclization of 4-cyanobutyl 
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radicals rare produced in the reaction of 5-bromo- 
valeronitrile with tri-n-butyltin radicals, by epr spec- 
troscopy and showed that this ring closure is somewhat 
Slower than the analogous cyclization of the 5-hexeny] 


or the 5-hexynyl radical. 


N 
: iL 
Br—CH eS aie ars 
ad 2((CH2) ,CN (10) 
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Intramolecular radical addition to a cyanide triple 
bond has also been observed in the azobisisobutyro- 
nitrile initiated polymerization of various N-substituted 
PReiihy Vemine sc (18), (Scheme 16). A low molecular 
weight compound which was identified as 6,6-dimethylper- 
hydro-5-isoindolone (19) was formed. The following 


mechanism has been proposed for the formation of this 


product. 
5 N° 
NC 
7 R oe 
eee anal 
N CN N N 
I | | l 
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sass fe) 
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(SCHEME 16) 
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Synthetically useful methodology for the intro- 
duction of functionality at unactivated carbon-hydrogen 
bonds should combine a high degree of efficiency and 
regioselectivity. Various approaches to this problem 
relied on intramolecular free radical reactions to 
transfer a daughter functional group to atsite distant 
from the parent functional group. This methodology has 
been applied in a few cases, for example, the intra- 
molecular rearrangements occurring via an iminyl radical 
intermediate generated from the addition of an alkyl 
radical to an adjacent cyanide group have been reported 


Te oe The mechanism proposed to 


by Heusler and Kalvoda. 
explain the products formed, suggested that an alkoxy 
radical (21), generated photochemically from the hypo- 
jodite (20), abstracted an adjacent hydrogen in a six- 
membered ring transition state and that the intermediate 
iminyl radical (23) was formed via five-membered ring 
transition state CZeur (Scheme 17). 


A similar reaction has recently been observed 


during the photolytic rearrangement of a number of a- 

peracetoxynitriles to Iyer aint co Gas (equation 11/1). 
A mechanism consistent with the observed products 

involves (1) the homolysis of the oxygen-oxygen bond 

in the a-peracetoxynitrile (caer (2) &6-hydrogen atom 

abstraction, and (3) intramolecular cyano group transfer 


to ther radical site in (26) to provide ultimately the 
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6-ketonitrile (25), Scheme 18). 
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(SCHEME 18) 

Proposal 

The purpose of the work undertaken in the following 
report was to develop a method whereby a hydrocarbon, RH, 
could be functionalized via a cyanation reaction using a 
reagent, such as X-C=N, in such a manner that a single 
product is obtained in high yield and with a high selec- 


Givi Gy.: 
RH + XCN ———— RCN + HX (el 23) 


As unactivated carbon can only be easily functionalized 
by a homolytic pathway, free radical processes were in- 
vestigated for this cyanation reaction. 

Sancestree radical addition to either cyanide or 
carbonyl had been separately reported for the reaction 
CHedhirerent sreagents, 1t was therefore of Interest to ain- 


vestigate free radical additions to reagents which contain 
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both functionalities (<t and -CN). A synthetic method 
might be developed using such reagents to homologate an 
unactivated carbon by one or two carbon atoms depending 
upon the site of addition. 

A few of the reagents which contain these two function- 


alities were chosen for initial study: 


t ' bot 
Ae= CH-0-C, NC-C, NC-C3C. CN. 


It was hoped that the radical addition to the 
cyanide and the subsequent 8-scission would result in 
a new cyanation reaction (equations i-iii), or that the 
addition to carbonyl and subsequent 8-scission would ef- 
fect a selective functionalitzation of an unactivated carbon 
by a di-functionalized carbon moiety (equation iv-v). 
The latter process yields a product similar to that ob- 
served in the addition of a radical to cyanogen followed 
by hydrolysis,¢ (Scheme 19). 

The reversidility of radical addition to CARD OMIT: 


and cyano’??? groups are well known processes. 
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I RH i 
nip Kae GeN —> <- ~C=NH 
R R 
r 
1.1%) X-C-C=N* ——»> R-C=N + X* + CO 
R 
carbonyl addition: 
i a 
UVa XC Ca Nee Rewer OX CoC 


0 
| il 
v) X-C-C=N +m R-C-CN + X° 
| 
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(SCHEME s1.9)) 


The cyanation reaction of cyanogen halides and the 
reaction of 2,3-dimethylbutane with cyanogen have all 
been proposed to proceed via radical addition to cyanide. 
However, these reactions may also be reversible,* and 
thissractsmay possibly .explain the failure of many 


hydrocarbons to react with cyanogen. 
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(SCHEME 20) 


Depending on the nature of X, the iminyl radical 
intermediate (27) may undergo a 8-Scission to form alkyl 
cyanide and X°, which will carry the chain (equation ii). 
This is the case when X is a good leaving group and a 
good chain carrier (X = Cl, Br). However when X is not 
a good leaving group, the iminyl radical intermediate 
(2/) abstracts a hydrogen to give the imine (28), (X = CN), 
(equation iii, Scheme 20). 

It was thought that the selection of an appropriate 
hydrocarbon might enable the iminyl radical intermediate 
(27) to be trapped by intramolecular H-abstraction, and 
that the new radical formed would be appropriately posi- 


tioned to add to the neighboring group, namely a carbonyl] 


Or a cyanide. 
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This type of transformation is particularly in- 
teresting since one would be able to difunctionalize an 


unactivated hydrocarbon in one step (Scheme 21). 


R R R 
R R 
R R 
; —C =N—_——_> 
ii) : + X—CE=N | 
Ie Been = 
: x 
R R Re 
pee R R R 
C=N C= 
R R 
iv)  ———$_—_—__—_— Product 
R’ C—X R 
HN~ 


In’ =Initiator 
(SCHEME Zs) 


In order to validate this hypothesis, 2,4-di-methyl- 
pentane was chosen as a hydrocarbon substrate (R = CH3), 


and methyl cyanoformate or cyanogen as reagents (X 


ll 
-C-OCH,). 
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RESULTS AND DISCUSS LON 


Solutions of methyl cyanoformate (0.235 M) and 
benzoyl peroxide (10-24 mol %) in 2,3-dimethylbutane were 
icdved msmesedied, degassed reaction. tubes at..99 “for 5.5 h. 
One major product, a,a,8-trimethyl-butyronitrile (1), was 
detected (GLC) which resulted from the reaction of methyl 
cyanoformate and 2,3-dimethylbutane. ~The product 
appeared to be formed by a short chain process, 

Since an optimum yield (77%) was obtained, at 89% con- 
version, when 24 mol% of benzoyl peroxide was used. 
Accompanying the cyanide, methane (35-40%) was iso- 

lated (Scheme 21). GLC-mass spectrometry of the 

reaction mixture Showed the presence of a number of 

mugher DOING minor wproducts.s twouot which. (3.77) had 

a molecular formula of CoH, 505N; and could be rationalized 
as, 1s] addition products of 2.3-dimethyibutane and 

methyl cyanoformate. 

In the same manner, cyclohexane yielded cyclohexyl 
cyanide (72%) and methane (37-40%) when a 24 mol % of 
benzoyl peroxide was used. Cyclohexyl cyanide (35%) 
was likewise obtained using 10 mol % benzoyl peroxide. 

The reactions of the hydrocarbons, cyclohexane 
and 2,3-dimethylbutane, with methyl cyanoformate yielded 
products which could be rationalized by the addition of 


the radical to the cyanide triple bond, followed by 
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B-scission; no products derived from carbonyl addition 
were isolated, although in the case of the reaction of 
2,3-dimethylbutane two minor products, CoH, 50N (3n] ae 
were detected (GLC-MS) which could conceivably be ration- 


alized as carbonyl addition products. 


2 eH 


O 
I I 
ii) : + CH30-C—-CN ————CH30-C —C=N° 
29 
I T 
iii) GH3gO0-C-C=N* ——___m CHaQ—C* +, ~~~ 
CN 
29 
II ° 
iv) CH30-C+ —————_ C02 + CHg 


v) CHs: + ee Ola \— 


Bzp02=(Ph—C -o}, 


(SCHEME 22) 
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The cyanation reactions of the cyanogen halides and 
methyl cyanoformate and the reaction of 2,3-dimethyl- 
butane with cyanogen< have all been proposed to proceed 
via radical addition to cyanide. In the latter reaction 
the iminyl radical formed, instead of undergoing a 86- 
scission, abstracted a tertiary hydrogen to continue the 
chain. In an attempt to observe the combination of 
both addition and abstraction by the iminyl atdaoe! 
intermediate 29 (Scheme 22) proposed for the cyanation 
reactions of methylcyanoformate, the reaction of the 
reagent with 2,4-dimethylpentane was carried out. 

Since the reaction of 2,3-dimethylbutane with the 
reagent leads to addition followed by 8-scission, it 


was hoped that if the tertiary hydrogen was made more 


favorably disposed toward abstraction, that intramolecular 


hydrogen abstraction could be observed (Scheme 23). 
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In accord with this prediction the reaction yielded 
2,4-difunctionalized products. The reaction of methyl- 
cyanoformate (0.9 M) and benzoyl peroxide (50 mol %) in 
2,4-dimethylpentane yielded, in addition to small 
amounts of primary (6%), secondary (12%), and tertiary 
(2%) cyanides, a heterocyclic ester, 2-carbomethoxy- 
3,3,5,5-tetramethytazacyclopent-1l-ene 39, (552)... The 
formation of the heterocyclic ester can be rationalized 
by a mechanism utilizing a unique but simple sequence 
of reactions which occur subsequent to the formation of 


the iminyl radical (30) (Scheme 24). 
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(SCHEME 24) 


Internal abstraction by the iminyl radical forms 
a new tertiary radical (33), which is in position to add 
to the nitrogen of the imine double bond via a five-membered 


ring transition state. This step LS Similar sto ene 
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intramolecular radical addition to the oxygen of 


20 Or esters. !? The new carbon-centered radical 


carbonyls 
(34), would De Yelatively stable. as’it is adjacent. to 
both the nitrogen and the ester carbonyl, and would 
eventually disproportionate to form the heterocycle 35. 

Since a cyanide addition-abstraction sequence has 
been shown to proceed in the reactions of cyanogen with 
ee eaamethylbutane— and since the reaction of 2,4-di- 
methylpentane and methylcyanoformate is now proposed to 
proceed through a cyanide addition-internal abstraction 
followed by another internal addition, the reaction of 
cyanogen with 2,4-dimethylpentane might be expected to 
produce a 2,4-difunctionalized product in the same 
manner. The intermediate radical (37) would then be in a 
favorable steric arrangement to add internally to the 
adjacent imine via a five-membered ring transition state 
to form, as previously proposed, a carbon-centered radical 
which 1S Stabilized: by its adjacent groups, In; thus in- 
stance nitrogen and cyano groups. The stabilized radical 
(38) upon disproportionation would yield the “cyclic 
product (39) , (Scheme 25). 

As predicted, when a mixture of 2,4-dimethylpentane 


4 


(2 mL) and cyanogen (6.1 x 10 ° mol, 0.30 M) were allowed 


to react with benzoyl peroxide (105 mol %), a 22% yield 


of 2-cyano-3,3,5,5-tetramethylazacyclopent-l-ene (39) was 
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iv) ——_—_» + sH 


N (SCHEME. 25) 
Sih) 


~~ 


obtained. Since the disproportionation reaction is a 
chain=termination step, it is not surprising that a chain 
sequence was not observed and that only this modest 


yield was obtained. 


In order to further investigate the orientation of the 
radical addition to bifunctional molecules and to establish 
the synthetic utility of these reactions, oxalyl cyanide 
and carbonyl cyanide were examined as possible cyanating 


Or cyanocarbonylating agents. 
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The chemrstry “of oxalyl' “cyanide iS* relatively un- 
explored. This might be because of the very tow yields 
obtained during the difficult preparation of this 
compound. Its synthesis was first reported by Begland°" 
in 1972, and involved the partial hydrolysis of diimino- 


succinonitrile (DISN) in acetonitrile. 


H-N N—H 


\ 4 
eOrtN +2CH A \-soyp.m0 ee Ban 
3 
NC CN 
NC O 
Neu inf oe 
c—C H SO3 NH 
O CN 


The oxalyl cyanide is very moisture sensitive and rapidly 
hydrolyzes to oxalic acid. and hydrogen cyanide if not 
kept under anhydrous conditions. 

Solutions of oxalyl cyanide (0.245 M) and benzoyl 
peroxide (5-100 mol %) in cyclohexane were heated in 
sealed degassed reaction tubes at 90° for 9 h. The 
major reaction product was detected by GLC and charac- 
terized as. ‘cyclohexyl cyanide. The product appears to 
be formed by a nonchain process since an optimum yield 
of 40% was obtained when 100 mol % of benzoyl peroxide 
was used. 

In the same manner, 2,3-dimethylbutane yielded only 


1.5% of the expected tertiary cyanide, a,a,8-trimethyl- 
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butyronitrile, when 100 mol % benzoyl peroxide was used. 
No functionalized alkane was obtained when the reaction 
of oxalyl cyanide was carried out using 2,4-dimethylpen- 
tane.as substrate. .In.all.cases a.dark brown residue.was 
obtained, and was identified as a polymer, paracyanogen. 
These preliminary results indicated that under 
these conditions oxalyl cyanide is not a good cyanating 
agent for hydrocarbons. However they do infer that attack 
at the nitrile group is preferred. 
Although more work is required to establish a 
mechanism, it appears that the formation of cyclohexyl 
cyanide, in the reaction of oxalyl cyanide and cyclohexane, 


can be rationalized according to the following Scheme (26). 


Bz902 


Oo O Oo Oo 
te | | 
+ NC—C—C—CN —— NC—C—C—C=N: 


CN 


Roem. ——__———» CN: + 2CO 


nCN* ————w = "polymer" 
(SCHEME 26) 
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According to this mechanism, the cyclohexyl radical 
adds to the cyanide triple bond to form the iminyl radical 
intermediate (40), which then, through 8-scission, pro- 
duces icyclohexyl cyanide: and sthe radical (41). Radical 
(41) further dissociates to form carbon monoxide and the 
cyanide radical. The cyanide radical subsequently poly- 
merizes to give paracyanogen (Scheme 31). 


35 that irradiation of carbonyl 


It has been shown 
cyanide at 2300-3500 A results in dissociation to carbon 
monoxide and cyanide radicals. The cyanide radicals under- 
Go, pelymerizateunon. Similarly, at 750°, the vapor phase 
byrolysa’S of carbonyl Gyanide results in dissociation to 
carbon monoxide and cyanogen. °° 

The preliminary results indicated that the reaction 
of carbonyl cyanide with hydrocarbons is similar to that 
Ofeoxaly|l cyanide. «Thus when solutions of ecarbony| 
cyanide (0.125 M) and benzoyl peroxide (5-200 mol %) 
were heated in sealed, degassed tubes at 90° for 6 h 
One major product was detected (GLC), resulting from the 
reaction of carbonyl cyanide and cyclohexane. The product 
was characterized as cyclohexyl cyanide. 

The product appears to be formed in a nonchain 
process, since an optimum yield of 48.7% was obtained 
when 50 mol % of benzoyl peroxide was used. GLC-mass 


spectrometry of the reaction mixture showed the presence 


of benzoyl cyanide (<1%), whose yield increased by using 
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higher percentages of benzoyl peroxide (<3% using 200 

mol % Bz50 ). However, when the reaction was tried with 
2,3-dimethylbutane and 2,4-dimethylpentane, the cyanation 
reaction did not proceed to any appreciable extent, 

but again a dark brown precipitate, paracyanogen, was 


formed. 
The formation of cyclohexyl cyanide can be ration- 


alized according to the following Scheme (27). 


Bz509 
ee ee 


i I 
+ NC—C—CN ———® NC—C—C=N: 


CN 


iI 
NC—C—C=N* ————-m NC-C> + 


i> 
rane) 
i> 
200 


O 


ll 
NC—C* ———e CN> + CO 


nCN* ——————® "polymer" 


(SCHEME 27) 
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According to this mechanism, the cyclohexyl 
radical adds to the cyanide triple bond to form the 
iminyl radical intermediate re which then, through 
B-scission, produces cyclohexyl cyanide and the radical 
(43). Radical (43) further dissociates to form carbon 
monoxide and the cyanide radical. The cyanide radical 
subsequently polymerizes to give paracyanogen (Scheme 
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36 
EXPERIMENTAL 
Materials 


The hydrocarbons 2,3-dimethylbutane (>99.8%), 2,4- 
dimethylpentane (>99.7%), and cyclohexane (99.5%, 
Phillips research grade) were used without further 
purification. Tetracyanoethylene (98%, Aldrich) was 
eden hO.U tember Heya DUA fl.Ga.tloins 


Methyl cyanoformate was prepared according to the 
method of Childs and Weber>” in 43% yield, bp. 92-94°C 


(690 mm) eee 


neo? 
D 


those reported. 


bp ISSIR GCN HOO meee inines Frekd |; 


1.3712. The IR and NMR spectra were identical with 


Cyanogen and hydrogen cyanide (Matheson Co., Inc.) 
were distilled before use. Diiminosuccinonitrile, the 
Starting material for the preparation of oxalylcyanide, was 


38 
prepared according to the method of Begland et al. 
WKS) ‘ 
inyov wm yAeldicimupe d68ed702C Akate ie Dew 1 OD) 6O¥ CA. 
The oxalyl cyanide, which was obtained by the partial 


hydrolysis of diiminosuccinonitrile (4.6%), was sublimed 


eee as Oe and) Ceo \Wiien Mae .6OS6RTGeUl ate 


] 1 


m.p. 61-62°), IR (CH,C1,) 2230 cm (C=N) and v 1735 cm: 


2 


(C=0). 
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Carbonyl cyanide was prepared by Benson's method, 


by the reduction of tetracyanoethylene oxide usina 


ee 
n-BuyS, in 50% yield, bp. 61-62°C at 700 mm; CL ite 
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65.6°C at 760 mm Hg); IR (CH,C1,) v 2240 cm (CEN), 


‘cuwipaimes na 


(C=0). The precursor of carbonyl cyanide, 
tetracyanoethylene oxide, was prepared as colorless 
needles in 50% yield by the oxidation of tetracyano- 
ethylene using 30% hydrogen peroxide, m.p. 178-180°C 
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Reaction of Methyl Cyanoformate with 2,3-Dimethylbutane. 


A mixture of methyl cyanoformate (200 mg, 2.35 mmol) 
and benzoyl peroxide (137 mg, 0.566 mmol) in 2,3-di- 
methylbutane (10 mL, 77 mol) was placed in a Pyrex 
ampune. aegqassed, and thermostatedwat 99°C for 5.25 h. 
Thesmeaction mixture Was, .subjected: touGl_C,analysisi (8 ft. 
Melly Onan, 0 LCON Dollar. De no. 2000 -0n ChromosorD -W’, 
45-200°C). The analysis showed three major fractions: a 
low boiling fraction containing 2,3-dimethylbutane, benzene, 
and unreacted methyl cyanoformate (11%); a middle fraction 
econcarning ta "“Singre compound. anda nna eDOImiIng ot mac- 
tion containing a large number of compounds which were 
Noowdentitiled. “Ihe middle traction was 1 SGlacveduby 
preparative GLC and shown to be a,a,8-trimethylbutyro- 
Mitriie (775)% "The structure o7 tne Mitr le wasmassigned 
by a Comparison of its IR and NMR spectrum with those of 
an authentic sample. 

Methane was fractionated, measured using a Toepler 


pump by conventional vacuum line techniques, and was 
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identified and its purity checked by comparing its GLC 
retention time and mass spectrum with those of an 
authentic sample. 

In order to obtain an optimum yield of the nitrile, 
reactions were run under the above conditions using varying 


amounts of benzoyl peroxide (10-96 mol %): 


Pom 


B2595 CN 
mol % % Yield 
10 46 
12 54 
24 77 
96 53 


Reaction of Methyl Cyanoformate with Cyclohexane. 


A mixture of methyl cyanoformate (200 ma, 2.35 mmol) 
and benzoyl peroxide (137 mg, 0.5 mmol) in cyclohexane 
(10 mL, 93 mmol) was placed in a Pyrex ampule, degassed 
and sealed, and the reaction was carried out and analyzed 
as was the reaction using 2,3-dimethylbutane. GLC 
analysis showed three major fractions: a low boiling frac- 
tion containing cyclohexane, benzene, and unreacted methyl] 
cyanoformate (7%); a middle fraction containing a single 
compound, and a high boiling fraction containing a large 
number of compounds which were not identified. The middle 
fraction from this reaction was a Single compounent, cyclo- 
hexyl cyanide (72%). The product was collected by prepara- 


tive GLC and its structure was assigned by a comparison of 
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its GLC retention time, IR and NMR spectrum with those 
of an authentic sample. 

In order to obtain an optimum yield of the nitrile, 
reactions were run under the above conditions using 


varying amounts of benzoyl peroxide (10-105 mol %): 


CN 

Bz50, 6) 
mol % *% Yield 

10 35 

24 /2 

85 50 

105 44 


Reaction of Methyl Cyanoformate with 2,4-Dimethylpentane. 


A mixture of methyl cyanoformate (114 mg, 1.34 
mmol) and benzoyl peroxide (654 mg, 2.70 mmol) in 2,4- 
dimethylpentane (2 mL, 13.4 mmol) was placed in a Pyrex 
ampule, degassed, and sealed. The ampule was thermostated 
at 99°C for 9 h. The reaction vessel was opened and 
the Muxture was analyzed .by-GLC.(8 ft. x. l/Seins 7 
SE-30 on Chromosorb W, 110°C). The analysis Showed three 
major fraction. A low-boiling fraction containing 
unreacted 2,4-dimethylpentane, methyl cyanoformate, benzene, 
and three other compounds identified as 2,2,4-trimethyl]- 
pentanonitrile (2%), 2-isopropylisopentanonitrile (12%), 
and 3,5-dimethylhexanonitrile (6%) (in order of their 


elution). The middle fraction was composed of a Single 
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compound, 2-carbomethoxy-3,3,5,5-tetramethylazacyclopent- 
l-ene (55%). The high boiling fraction contained a 
large number of compounds which were not identified. 
The three cyanides (primary/secondary/tertiary) 
were collected as a mixture by preparative GLC (10 ft. x 
1/4 in., 10% SE-30 on Chromosorb W). An elemental 
analysis of this sample showed it to be an isomeric mix- 
Gugesgo, theuthreet(nitviles. «.Anal®.Calcd for CoH, oN: Gt 
Letom aha. OeeeN sul ahs. o hounds tC anke gio s Wy 2.23 SENG 
10.94. The mixture was separated and the three nitriles 
collected by preparative GLC. Their structures were 
asSigned on the basis of their IR and NMR spectra. 
2,2,4-Trimethylpentanonitrile: NMR (CDCI) ori. 02 
MG Jm= Mon UeeOH nN, SMS6 Ris Sto Rel 428 6d ORS 6 RRzZoN2H) , 


CE=Ne 


BrSzeims Gi2e6 HD, P7H)SPIR (CHoCI5) yre2s0 scm 
2-Isopropylisopentanonitrile: NMR (CDC1.) OPT SO 
Edgades 6 JEZRACH, US06"FdRPdP=96 hz, SEH).OP) 92am, Sde= 


] 


GOAHZS SHY SOIR (CHC1,) v 2220 em eM (CSIN)? 


3,5-Dimethylhexanonitrile: IR (CHC1,) v 2225 cm. 
The NMR sample appeared to be admixed with the other 
isomers and the spectrum could not be analyzed, although 
it was consistent with the assigned structure. However, 
the microanalysis of the mixture and the identification 
of the other two possible isomers allowed its assignment. 
The structure of 2-carbomethoxy-3,3,5,9-tetramethy]- 
azacyclopent-l-ene, collected by preparative GLC (SE-30 


column), was assigned on the basis of TEST Mie Oa madey Suess, 


40 


AN A if 
; og binvheanes Hate ee * " 
sin my en Sad 
, oe tefesht 3g4 ana aa ni 
(vegitray’ y bao ow tN every 
» 2% OPP 230: ov Oy eoete: Vd syvbhihe 5 “ca aaa 
Fetnsmals nA «th ‘eoredeotan Ny Wor ia ead 


Pasmost o6 sd oy a boworye. ue mag: aad a; 


sWepttgd vat Boating Tape: aa ‘eri ht ati 
ee ce : 
ie 


PARES 2h sAUBVG5 Br aa OG: 4 ' a st uy ae 


ah Patin aande-odt gag oa temiqag ase Su? hs mitt 
ew 2axusouc7Le ahagt afi owt benveasre ap 
AVS yams. RAW fre ahaa +o 2rabe an} #9 r 
Po) hed : Am stp tingann’ ita oal ss | 
Sha Ab by it i3 Citi bese i tne: Pr eae “om 
(Ws y) fed } ge ¢' a es distil aw ee eats 2 


> BI 


oath at aes Le ee ae 


= Je} ue <o FRE _s, > *r, oe 40.) th til bal 
| neat 46 EAS: ein Mt ime | 
wD 2569cieq ie eae, ie i alah ae ct WB ¢ 
raieorods Atta 4 vi toh ‘ad ‘oF ee oan a ol qmee wa 


: ; PY 

Wedars it VSr¢i the oa Son BrWes, ANT PSH 2 au} tee ge rv8m 

’ ‘it : iy 

lc alii OL) Iga Re parwi oss odd mete +naseteeDg), wt 
: 7 ) 


nat) Go" ‘Mitneb)) wT Bee creex tee nn is a 
Temiea t ardiegas we} Sry 
asa Yo sropaonite ‘oer | 

ne 7 st 


18 bsdguaitey ert ‘tnoud 
fed We; no bévgtese . 


-nenanteto gH! bial Ie’ 


4 “TY Ry Gard ab esd eile 


oa i) d4p hye ind 


a Ne 


ya cack nb if f 4 
sen: vam = rede a 


is r ew ; ia Bice J ue } a 
Ae \ ta ¥/. ; ai 
; +e ; . ; ‘ fr L 


4] 


iis 


its mass spectrum, and its IR and NMR ('°cC and 'H) 


] 


spectrum: IR (CHoC1,) v 1735 cm! (-cO,CcH Oe ee 


9 CHa). 


eat WS EMG SMIOM? 215), 


(-C=N-); mass spectrum m/e 183 (M 
Se pees ie Way: (M*-56.24%), 124 (M’-59, TS. 29% 42 (Means 
100%); NMR (CDC12) Chemica lieshi tesa multiplicity. sand 


Vy and 


assignments are given in Figure 1 for both the 
"30 spectrum. Anal. calcd for Ce Hee Ness 9 Cen 6bN57 : 
Geel ce rounds Co 65.46; H, 9.20. 

The mass spectrum and elemental analysis of 35 clearly 
established its molecular formula to be Cy gH, 7NO.. The 
ur NMR showed two sets of chemically nonequivalent methyl 
groups, One pair of methylene protons, and one set of pro- 
tons assignable to the absorption for a methyl ester. 


The |3 


C NMR and IR spectra allow the assignment of the 
Structure given in Figure |. She chemicaliishidt of the 
ester carbonyl (169.1 ppm) agrees with its IR absorption 
(1735 em7!), while the C-2 absorption can only be a doubly 
bonded carbon and is in agreement with its assignment 

as an iminyl carbon whose IR absorption appears at 1622 


sare Theisc-=4 13 


C chemical shift is that of a methylene 
group flanked by two tertiary carbon atoms, and its 
absorption was inconsistance with any other structural 
arrangement that could be drawn. With these partial 
structural features the only structure that can be as- 


Signed for 35 was 2-carbomethoxy-3,3,5,9-tetramethylaza- 


cyclopent-l-ene. 
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Figure 1. NMR spectral assignments of compound (35) and (39). 
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In order to obtain an optimum yield of the products, 
reactions were run under the above conditions using 


varying amounts of benzoyl peroxide (24-200 mol %): 


CN 
% 
mo | if CoN 
CH,O-C = 0 
% yield 
24 S O26 ay 25 
50 6 je 2 Bie 
100 5 11 LEG 50 
T50 6 14 Z Suc. 
200 55 12 MALS 44 


The Reaction of 2,4-Dimethylpentane with Cyanogen. 


A mixture of cyanogen (0.61 mmol, 0.305 M) and 
benzoyir peroxiden(V55) mgiy Oie4tamol, B0Ias2aM)> din? 2ie4-di - 
methylpentane (2 mL, 13.4 mmol) was placed in a Pyrex 
ampule, degassed, sealed, and heated at 98°C for 3 h. 
After heating, the reaction ampule contained a light brown 
Supernatant solution and a dark brown polymeric material 
(presumably polymeric avartogenn ky 

Analysis of the ‘supernatant oliquid mbyrGlG (airita x 
1/8 in., 7% SE-30 on Chromosorb W, 90°) showed three 
major fractions: a low boiling fraction containing un- 


reacted 2,4-dimethylpentane and benzene (identical GLC 
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retention times with those of the authentic materials), 

a middle fraction containing a single compound, and a 

high boiling fraction containing a large number of com- 
pounds which were not identified. The middle fraction was 
isolated by preparative GLC (SE-30 column) and shown 

to be 2-cyano-3,3,5,5-tetramethylazacyclopent-l-ene (22%). 
The structure of this compound was assigned on the basis 


13 


OfahtsalR. NMR a and C) and mass spectrum, and its 


elemental analysis: IR (CH,C1,) v 2240 (-C=N, very weak), 


1620 2 heel 


] eS 


(-C=N-). NMR (CDCI,), see Figure 1 for the 


H and C spectral assignments. The mass spectrum of 


41 showed M’, M'-1, M'-15 peaks: m/e 150.1152 (8.4%), 
calculated for CgH,N. » 150.1157; 149.1075 (5.5%), 
calculated for Caan) 3 149.1079; 135.0923 (100%), 


calculated for CoH, Not, 135: 092 Zeeama |... calcd: for 


CoH REO a eer lida or MeO UIC eG. /uliciucs. bh 59a Or. 


i ae 
The mass spectrum and elemental analysis of (39) 
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clearly established its molecular formula to be CoH gNo- 


ur NMR shows that there are two sets of chemically 


The 
nonequivalent methyl groups and one pair of methylene 
protons. The 13_ NMR and IR spectra along with the above 
information allows the assignment of the structure given 
in Figurerc. “the chemical Shift of “the “nitrite “carvon 
(113.3 ppm) agrees with its IR absorption (2240 one: 


while the remaining nitrogen double bonded to carbon C-2 


influences the chemical shift of that carbon to appear 
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abe) 5654eppm4 ihe TReabsorption of the siminyl group 
at, 16.20 end, SUPPOHLS Pthisastructural assignments The 


4 UR chemical shift is that of a methylene group flanked 


C 
by two tertiary carbon atoms and its absorption was in- 
consistent with any other structural arrangement that 
could be drawn. With these partial structural features 
the only structure that can be assigned for (39) was 2 - 
cyano-3,3,5,5-tetramethylazacyclopent-l-ene. 

[ngoOugdee tO,O0Lain an .optimum yield,ofethe dinitrile, 


reactions were run under the above conditions using 


VanyanGg amounts ,of .benzoyl.peroxnide (30-155 mol _.%); 


=N 
/ 
Bz50. NC 
mol % oY aven iG 
30 7.4 
62 16.8 
93 ovns 
124 21 
150 2263 


Reaction of Carbonyl Cyanide with Cyclohexane. 


A mixture of carbonyl cyanide (10 mg, 0.125 mmol) 
and benzoyl peroxide (15 mg, 0.0625 mmol) in cyclohexane 
(1 mL, 9.3 mmol) was placed in a Pyrex ampule, degassed, 


sealed and heated at 95° for 9 h. The reaction mixture 
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WosesSUODjeClLOG™ tO GLC analysis Court... iy omni, 7% SE-30 
Onmenromosonrbew. 60-180. and 10 sft. 91/8 ine, 10% UGON 
Polan.. oul Hos 2Z000on ChromosorbDoiW .760-180°). the 
analysis showed three major fractions; a low boiling 
fraction containing cyclohexane and benzene, a middle 
fraction containing the major compound, cyclohexyl cyanide 
(48.7% based on a 100% conversion). The cyclohexyl 
cyanide was identified by GC/MS and a comparison of its 
GLC retention time with those of an authentic sample. 
The middle fraction also contained benzoyl cyanide (<1%) 
which was tentatively identified by comparison of its 
GLC retention time with that of an authentic sample. 

ine Nigh boiling fraction contained’a large number of 
compounds which were not identified. 

A dark brown residue was obtained in this reaction 
which was identified by its IR spectrum (CHoC14) ves 70 
cm! as paracyanogen. “< No attempt was made to analyze 
the gaseous product(s). 

In order to obtain an optimum yield of cyclohexyl 


cyanide, reactions were run under the above conditions 


using varying amounts of benzoyl peroxide (5-100 mol %): 


B20, fc 
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Reaction of Oxalyl Cyanide with Cyclohexane. 


A mixture of oxalyl cyanide (62 mg, 0.574 mmol) 
and benzoyl peroxide (139 mg, 0.574 mmol) in cyclohexane 
(3 mL, 27.8 mmol) was placed in a Pyrex ampule, degassed 
and thermestated at 90° for 9 h..-The reaction mixture 
Mecmsup jected) to gipcianalysis (8 ft. x 1/8 in., 5% UCON 
foro OU HB, 2000 on Chromosorb’ W,'°45=200°). «The 
analysis showed three major fractions: a low boiling 
fraction containing cyclohexane and benzene, a middle 
fraction containing a Single compound, and a high boiling 
fraction containing a large number of compounds which 
were not identified. The middle fraction was isolated 
by preparative GLC and shown to be cyclohexyl cyanide 
(40%). The structure of the cyanide was assigned by a 
comparison of its IR, NMR spectrum, and GLC retention 
time with those of an authentic samples? 

In each run, a dark brown polymeric material was 
obtained whose IR spectrum, (CH,Cl5) v 1570 gay showed 


47 No attempt was made to measure 


it to be paracyanogen. 
any gaseous product(s) nor to recover any oxalyl cyanide 
that might not have been reacted. 

In order to obtain an optimum yield of cyclohexy] 


cyanide, reactions were run under the above conditions 


using varying amounts of benzoyl peroxide (5-100 mol &%): 
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Bz50, CN 
mol % Yield % 
5 0 
20 bal 
40 14 
60 22 
100 40 


ur NMR spectra 


huclear Magnetic “Resonance Spectra. The 
were determined on a Varian HA-100 spectrometer fitted 
with a Digilab FTS/NMR-3 data system 

The 136 NMR spectra were determined on natural 
men danice Samples at 22.628 MHz (Bruker HFX-90) or at 
15.08 MHz (Brucker WP-60) in 10-mm sample tubes. 


Cr(acac), was added to reduce the relatively long re- 


laxation time of the -C=N carbon. 


Mass Spectra. Mass spectra were determined using an 

AEI MS-12 mass spectrometer attached to a gas chromato- 
graph (Varian 1400), and.coupled to a computer data 
system (Nova-3) with program DS-50. The high resolution 
mass spectra were obtained using an AEI MS-50 mass 
spectrograph (70 eV), which was likewise coupled to the 


Nova-3 data handling computer. 


GLO Abanvsis. Ihe GEC analyses were carried out uSing 
a HP-4850 equipped with a thermal conductivity detector and 
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electronic intedrator. or-using a Varian 1.520 aliso 

equipped with a thermal conductivity detector which was 
attached to a HP-3380 A integrator. All quantitative 
values were calculated using standard calibration curves 
determined using known mixtures of the authentic materials, 
except for 3,5-dimethylhexanonitrile, 2-isopropylisopenta- 
nonitrile, 2-carbomethoxy-3,3,5,5-tetramethylazacyclo- 
pent-l-ene and 2-cyano-3,3,5,5-tetramethylazacyclopent-1- 
ene where the calibration factor of one was assumed. 
Heptane, nonane, undecane and dodecane were used as 


external standards. 
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INTRODUCTION 
PART II 


The sensitivity of radical reactions to polar 
Substituents was recognized in numerous publications 


between 1945-1948.!-° 


The authors explained the 
observed effects as arising from the contribution of 
dipolar structures to the stabilities of the transi- 
tion states. In subsequent years, polar effects have 
been used to rationalize the selectivity of carbon 
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hydrogen bond rupture by numerous radicals. 
and Mayo were the first to apply the Hammett equation 
toa yadaica | reactions.> Russell subsequently demonstrated 
that a number of pieces of data taken from the litera- 
ture gave excellent correlation with o” Substituent 
constant. 9 Recently Blackburn and Tanner |! reported the 
correlation of the relative reactivities, toward reduction 
by “tivien-butydstannanesiof, a serdesrofs substituted, benzy | 
halides with o substituent constant. 

The transition state for hydrogen abstraction re- 
actions is dependent upon the reactivity and the electron 


affinity of the attacking radical (X }), and either 


: LO.t2 
Structtire 14.11 Ortlll mayapredominate. 
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X° + RH —— wm XH + R° (1) 


For radicals or atoms with a low electron atl Net y 
such as CH’, CoHe He p-CH2CeH,, the transition 
State is predicted to be best described by connonical 
form II, where there is no charge separation, since there 
is little or no difference between the electronegativities 
Ofethesattacking, radical. (X:) andthe. carbon. center. in 
RH. In the case of para- and meta-substituted toluenes 
this prediction has been substantiated since for the 

ke 14 we Te 
Lod. cals oho. CoH, A p-CH3C Hy and C 3 the rho 
values observed are very close to zero. However, for 


hom yveelectron deficnent satoms or radicals, for 


rES Cac es .) C1). CCl3°; Br’ the transition state can 


be approximated by connonical form I, where there is 
Qelarge. charge separation dn the transitionestate. For. 
these radicals and atoms a pronounced polar effect is 
expected. Consequently, substantially larger sub- 
stituent effects were observed in hydrogen abstraction 


calcd, 
from meta- and para-substituted toluenes by Cl’; 


teers te eg 20 
0 = -0.7 (Cl,, cCl,), CCl. : p = =0.,69 36K. 
p = -1.4 (Bro, CCl,). Finally the observation of 
correlation of relative reactivity with o in reduction 


of benzyl halide by tri-n-butylstannane, by Blackburn 
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and Tanners dinvers that bond breaking takes place in 
ihe=travsteron stave anda that. the connonical’ torm 111 1s 
tnesdominant, contribttor tortheatransation- state. “The 
magnitude of rho reflects the reactivity of the 
Sr tockitaucadi cdl) i..e., the contribution of connice 
BOviicorwiueor allt to ‘the transation state... Forsinstance 
the somewhat low value of rho, -0.7, for the chlorine 
atom indicates the low degree of bond breaking in the 
transition state. For the less reactive bromine atom 
Which nas an electron affinity similar to that of chlorine 
the rho value, -1.4, is indicative of more extensive 
bond breaking in the transition state. From these 
observations it was predicted that for a radical with 
aonvandegree of ielectron artinity.. rho should) increase 
with the extent of bond breaking. 

These observations clearly demonstrate that an 
extremely useful technique for probing the contribution 
of these polar effects is the application of the 
Hammett po equation. The Hammett equation has been 
applied to many types of free radical reactions including, 


atom praneteys evr Miche copolymerization s<! 


21,30 3] 


initiator decompositions, disproportionations and 


AR Oe 
The polar effect argument has also been used to 
rationalize the intramolecular selectivity data for a 


series of n-alkyl derivatives (see Table 1). 
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TABLE 1] 


3 : a 
Substitution in n-Propyl and n-Butyl Derivatives 


i ATE SAE SSE NTE IG LA edi YE OE ei sa ee ac ee Oe 
% Substitution 


Reagents Re keeawer eect peach. % Substitution 
on R 

oo Ee eee el Saal OR ke 
Clos 68°, liquid CH.- SC eC aS 18 

Clo, 34°, liquid C1CH.- (SES ae oes) 7 

Clo, Tose rauad F2C- Oo” BAS 155 - 

Clo, CCly HO,C- Omega) ~ 

Clos Co iauid CH20C- Ve eGlP a ec - 


SR SRS SSS SR SS SS SEED 


coe lekemahnom refx. 26 ,0pie sds. 


TMhecresults from thiso table: show etnat. tne ability “ort a 
Sibstituent to direct the attack of a radical® with <a 

high electrom affinity £0 7a) remote part of the molecule 
increases in the order of, -CF >-CO5H > CH2C00- >-CH,C1 > 
CH3. A positive-charged radical or substrate magnifies 
this effect as evidenced by a comparision of the values 
for iG? and ((CH3) 9CH) NH in the chlorination of 


hexanoic acid (see Table 2). 
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TABLE a2 


Chlorination of Hexanoic Acid, % Substitution at 25°2 


Clo; CCl, ae (28 3 Ls 

Clo, 90% H5S0, a 7 40 es 
au 

((CH,)5CH) NH Care ns, H,SO0, 0 0 Oe ks: ] 


opemeraken trom ret. 26, "p., 308. 


Peoronacivon of the substrate and attack by a radical 
cation (RoNH") Show an extremely strong polar effect in 
that the site of attack is at the methylene group which 
is the furthest removed from the site of protonation. 
imesprerenred 0 attack Dy methyl radicals in propionic 
acid is sharply contrasted by the preferred 8 attack 


of chlorine atoms (see Table 3). 


FABLES 3 


Attack Of, Chiorine Atoms cae? 
and Methyl Radicals upon Propionic Acid 


Relative reactivity per hydrogen atom 
Radical X CHo——CH, 


a weaken atron ures. 20%) Ps roti). 


58 


o, muss eal Ns ip Li my sia Sy Fietan | 


Sas re aes phos} didi’ cr 
ttre ven ee 
ih a HO =n 43- oH: i se i 


ies Fy Ra: 
a ery denvgehemalia be beh ste y 


. s TT ra 
9) ‘ 42 7 Py 


ys } j oa Paste me 


tata ta — ihc | eon: a —— eR le ie Ae bepeticess sre pu A a pi ¥ _ i : I 
wan ease, a 
BOE Ce te mane noagy. 


Aon ite Bite avian athit sephan 
fais» fate % waite aan 


' 779 WS1O0 anette 


ts 13 (yagam tas ae ay ‘pwr Ye ate) om 
a4 ewe 7) <ofay % ‘WSRATA i 
biok Siaahege into icakaul hy tom bre 


ey ae ar eee 


pivea 
t 


og 


Since the bond dissociation energies are the same, 
[D(CH,-H) SeLOsek Gat mMOh wand DAH=6.1). =) 103 Hees ieee 
then the difference in product distribution must be due 
to polar effects. 

The early treatment of the Hammett po equation for 


polar effects by Walling? and Russell, /° 


which has gained 
wide acceptance, has explicitly dealt with polar ef- 
pects eOnetransition ®states.” «The substituent effects on 
bond dissociation energies, which were thought to be 


1,3 were ignored. In 1972, Zavitsas and Pinto>* 


challenged the polar effects arguments. Zavitsas had pre- 


viously shown that for hydrogen abstractions of the type 
X-H + Y° —+»X° + H-Y, accurate energies of activation 
, 3 

could be obtained from a simple calculation. The data 
needed are ir stretching frequency, BDE, masses, and 
bond length in the stable molecules X-H, H-Y, and X-Y. 
Antu-bonding. interactions in xe--Y,in the transition 
state were found to be a major factor in controlling the 
enercies of activation... -Theipolearity of tne X-\ bond. is 
reqvected strongly, in: the in stretching sfrequency., 
which in turn affects the calculated antibonding energy. 

: : 35 
Thus based on his.semi theoretical calculations: 
Zavitsas concluded that the qualitative concept of polar 
effect can be treated quantitatively without postu- 
lating charge separation in the transition state. 


To support this argument, Zavitsas and Pinto 
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presented a linear correlation between p and AH for the 
abstraction of hydrogen atoms from the ring substituted 
BOtucheS DY (Cl 7, br ;*t-Bu0 5 ole and CoHe’. These 
workers suggested that the effects of polar substituents 
on transition-state stabilities were unnecessary con- 
Siderations in rationalizing’ the relative rates of 
hydrogen transfer reactions of free radicals with sub- 


stituted toluenes. 
X* + ArCH,-H ——t X-H + ArCH, (3) 


They proposed instead that the effects observed could 
be adequately explained on the basis of the changes 
effected by the substituents on the bond dissociation 
energy (BDE) of the benzylic C-H bond. Since only 
negative rho values had been reported for reactions 
analogous to equation 3, Zavitsas suggested that elec- 
tron-donating substituents weaken benzylic C-H bonds 
and electron-withdrawing substituents strengthen these 
bonds, and that all such reactions must have negative 
rho values purely because of substituent effects on 
bondsarssociation energies. ZadVitsas, tnerepore.. con- 
cluded that it would be impossible to obtain positive 
rho values for hydrogen abstraction reactions from 
toluenes. 

There are, however, conflicting reports regarding 


the proposed linear relationship between p and AH. The 


8 


erry wine He bile sctealaiod 
hesueee had anh ain er vite: . gil 
neon : “50 bee pion ; siete My 


eieour (a edes vsloa 76 i) es 


-tu2 ¢arw sisal he eget VG) “anata 


eTuas bovyedo ine oa: coals beatin te eae 
Pan GO ap 29 2 heed, sat ne eiatnrni 


: re 7 


Pel icvath Snow aa 
nat Fagen AG. bed c By ies 


: Lg ae ae 
abAdd Be) sc: nied (ieapew. 23 ee 

A a 7 - aha ‘ : 
oeatt Aste pi panda! 2 Svgied taeahe ae 


eh. 


soo8 Sesh deem shar sidshidane ite Thal tink, 
io 24%: st ¥e ’ revs sedile ‘¥o siewea vfareq a 


“fay aovareds ead aie apta® a 
avittzeg nierde \g3 ete zenqut ad biuaw 2 aed Bi 


4 


. * mont ent Soper: phd verte! . aii cat eat 


6] 


rho value for hydrogen abstraction from substituted 
toluenes had been determined for the tert-butyl peroxy 
radical, p* (t-Bu00') = OMS Amie From the estimated BDE 
of paul Hees it was pointed out by Howard, that the 
point for tert-butyl peroxy radical would not fit the 


o/AH plot. Tanner et aap ve 


tMede GEINVES ta gation 10 fF 

the relative rates of the photoinitiated bromination of 

Substituted toluenes with bromotrichloromethane, re- 

evaluated the rho value for trichloromethyl radical, 

le) (CC1.) = =--0.69 wend Wn that paper itewas pointed out 

that this new point, which was one of the original 

points on the Zavitsas p/AH Behoreee Gide) Oi eh ieteet ne eb Ot. 
At the time that the analyses of the substituent 

effects were published by Paice sae only electrophilic 

radicals had been investigated. The negative rho 

values obtained in these studies could be rationalized, 

eltiher by Zavitsasmeproposall On by themtradi tional polar 

effect arguments. However, a number of studies involving 

the abstractionsmeaceions of nucleophile alkyl! radicals 

from substituted toluenes were reported subsequent to 


, SUB Se) 
Zavitsas: proposal. The alkyl radicals tert-butyd 


40,41 
(p = 


42 
+0.5), and l-ethylpenty] (o = +0.7) all were reported 


39 
(ou= +140), isopropyl! (op = +0.8), undecyl] 


to show positive rho values. These observations contra- 


dict Zavitsas' argument that only negative rho values 


should be observed for hydrogen abstraction from SoalinNeRe” 
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The validity of the published positive rho values 


43,44 


has been questioned by Zavitsas. According to the 


author, reported positive rho values for benzyl hydrogen 


abstraction from toluenes by undecy1, (024! 3-heptyl,*¢ 


38 


and tert-butyl] radicals, are the results of homolytic 


aromatic substitution (Scheme 1). 


CH3 CH3 
p Kad 
ii) R + a 
H °*R 
IV 
H3 CH3 
ii) R + ——> RH+ 
H" 'R R 
iv) (IV) - a cyclohexadiene dimers 


(SCHEME 1) 
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In the study of polar effects using the above radicals, 
the authors assumed that only the first of the four 
reactions shown in Scheme 1 is important. However, 
according to Zavitsas, cyclohexadienyl radical (IV) re- 
Sulting from additon of the radical (R°) to the aromatic 
ring, iS potentially a hydrogen donor (see Scheme 1). 

A qualitative estimate of ring addition compared to 
benzylic hydrogen abstraction was made by determining the 
relative reactivities of substituted toluenes and the 
analogously substituted benzenes toward undecyl radicals. 
From an analysis of this data he concluded that con- 
Siderable ring addition had occurred with both aromatic 
systems which contain electron-withdrawing substituents, 
whereas benzylic hydrogen abstraction was the predominant 
process with toluene substrate having electron-donating 
substituents. A Hammett plot of total reactivity 

(ring addition and hydrogen abstraction) of the toluenes 
was shown to give a rho value of +0.4. From the small 


positive rho value, Zavitsas concluded that the positive 


Shes Se) 
Hammett slopes reported by Pryor and Henderson 


were the result, primarily, of addition to the aromatic 
ring, rather than abstraction of benzylic hydrogen. 

In contrast to the report by Zavitise oneal that 
the observed positive rho for alkyl radicals is because 


of the importance of radical addition to the ring, 


Pera ine found a negligible amount of undecyltoluene and 
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no cyclohexadienyl dimers in the reaction of undecy] 
radicals with toluenes. Tanner’? also reported insigni- 
ficant amount of addition of l-ethylpentyl radicals to 
toluene (~0.4%) and estimated, ks iiekina to be between 

6 x 1072 and 8 -x 107%, 

More recently Tanner et abnne questioned the 
experimental validity of the positive rho values in the 
reaction of alkyl radicals with substituted toluenes and 
pointed out that the reactivity of a relatively un- 
selective carbon-centered alkyl radicals, not attached 
to a highly electronegative atom, would show little or 
no correlation to substituents and would be predicted to 
have a relatively small value of rho. In agreement with 
this prediction the rho value found by Russell for 


14 


phenyl radical abstraction was -0.1, and that found 


16 wasins0 f2e% Os2yenht wasirpointed 


by Pryor for methyl 
out by Tanner4® that in the light of these predictions, 
the high positive rho values reported for hydrocarbon 
radieal shtundecyls (+0254 tksopropy ks 40s8 3 ticethy | pentyl, 
+07 3 heent<buty ls i+1)0)cwere isunprisingesince their re- 
actions should be quite exothermic and unselective 
(5AH-2u6-13ekcal/mol)tand their differencesinjelectro- 
negativity compared to the benzyl carbon should be 
rather small. 


In reexamining the experimental data which lead 


to the iproposal fof ‘the spositive orha value nfor ih-ethy!- 
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pentyl raaicats o Tanner et ign iP Showed that the 
relative rates of hydrogen abstraction from toluenes 
and chlorine from carbon tetrachloride, Ku/koy> change 
only by a factor of ~3 when the substrate was changed 
from toluene to p-cyanotoluene. Furthermore under the 
most favorable conditions for the formation of hydro- 
carbon, the yieltd.of heptane amounts to only 0.5-0.75% 
of the l-ethylpentyl radicals produced. Since the 
radical disproportionation products, 2-heptene, 3-heptene 
and trans-stilbene were produced in much higher yield 
than the heptane itself, it was not experimentally 
possible to determine the genesis of this small amount 
of heptane that may have been formed by abstraction from 
rie toluenes ‘or from disproportionation. lt was evident 
from comparison of the yield of 3-chloroheptane (70%) 
to that of the hydrocarbon, that toluenes cannot compete 
effectively with carbon tetrachloride for l-ethylhepty] 
radicals. On the basis of these experimental observa- 
tions, the validity of the reported positive rho Value 
for the l-ethylpentyl] radical was in question. > 
In the course of the study of the decomposition of 
tert-butyl peroxypivalate (BPP) and its substituted homo- 
Fogues, Tanner “et a eee had an: interest: Inennvest i- 
datimantne. pate of tert-butyl radicals in aromatic 
solvents, in the presence of radical scavengers. They 


had noted that in the presence of thiophenol the uni- 
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molecular rate of decomposition of BPP was not constant, 
and that thioester (see equation 4) was the major 


product in the reaction. 


0 0 
k 
d tI 
foo oe -SPh + i + CyHgSPh + Others (4) 


PhCl 
PhSH 

The positive rho value reported by Pryor for 
tert-butyl radical was based on studies of both BPP and 
2,2'-azoisobutane (AIB) decompositions. Since there 
was a question concerning the mechanism of the BPP 
decomposition, the accuracy of the entire report was 
questionable. Furthermore the observed positive rho 
voiue Of; +120 ‘forithe Cereenuty) radical, based on the 
previous arguments, seemed unreasonably high. Since no 
analysis of the products of decomposition was given, 
the reaction was reinvestigated. 

The method used by pewanen to obtain the relative 
selectivities for abstraction of the benzylic hydrogen 
by tert-butyl! radicals, was a competitive one. Mixtures 
of a chosen, substituted toluene, and deuteriothiophenol, 
or tert-butyl mercaptan-d, were used as solvent in 
which to carry out the photochemical decomposition of 
2°? Saz0i1sobucane’ (AIB) or BPP. 

The tert-butyl] radicals produced in the photolysis 


were presumed to competitively abstract either deuterium 
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from thiol (Kop) OF aprotrumetrom the venzyi rc vosTtion 

of the toluene Legs Me The ratio of isobutane to iso- 

butane-2-d formed in the reaction (mass spectral analysis) 

was related to the relative rates of abstraction (ka/kop)- 
The formation of isobutane conceivably arises 


Peomea numbeR of alternative. sources: (Scheme 2). 


H 
X CH; X Cra x CH; 


ii) o> + Nene eH + et +: 


(SCHEME 2) 


Po@roronot tne “tene=DUvyhradtcdl to. cire 
aromatic ring to give a cyclohexadienyl radical [eq. (i) 
Scheme 2], followed by hydrogen abstraction by a tert- 
butyl radical could give isobutane. The importance of this 
pathway was ruled out by Prvor since no tert-butyltoluene 
could be detected in a reaction mixture obtained from 
the reaction of AIB in toluene containing thiophenol. 

The induced decomposition of AIB [eq. (ii), Scheme 2] 
was also ruled out based on the result of the following 
experiments. Neither 2-cyano-2-propyl nor tert-butyl] radi- 
cals, produced by thermolysis of azoisobutyronitrile or tert- 
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toluene, caused the concentration of AIB to decrease. 
The other sources of hydrogen which were considered 


in the formation of isobutane, are shown in Scheme 3. 


k 
i) > + ArCH. ae + ArCH, 
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9 
Sere made the usual steady state assumptions, 
and derived the following kinetic expression using the 


reactions considered in Scheme 3. 


d[—-H]/dt — k,[ArCH3] ; key Lenst _Kdec#linitiator] 


d[—-D]/dt kep[PhSD]  kep[PhSD]  kgpl—-]EPhsD] 


kyl =>: ] 
eh = ee eee 
Kop LPhsd] 


(5 ) 


Where Fe qs the traction of the radicals which react an 
the cage and Wiae is the rate of decomposition of inveratron. 
The equation (5) could not be integrated in this form. 


However, the authors made the following simplyfying 
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assumptions which allowed them to integrate the simpli- 
fied equations: 

It was recognized that isobutane may also be formed 
by disproportionation of the radicals produced from the 
decomposition of AIB both in the solvent cage and after 
escape from the cage (equation iv). The latter process 
was ruled out in the case of AIB by the demonstration 
that the absolute yield of combination product (2,2,3,3- 
tetramethylbutane), formed did not change with increasing 
thiol concentration. The low yield of dimer was used 
to estimate the extent of cage disproportionation. The 
Woot ecomtOr disproportionation to combination tor 
tert-butyl radicals had previously been pepontediae 
Since only a small amount of combination product was 
found, a limit of (52) "wasusetmon the. importance of 
Cage: disproportionation. Im the case of BPP isobutane 
does not form by cage eo ropeREToneC one and it was 
assumed that, as in the case of AIB decomposition, the 
high concentration of scavengers (toluene and thio- 
phenol) would scavenge any radicals which escape from 
the cage prior to self reaction. 

The assumption that the last two terms in equation 
5 (disproportionation terms) are negligible allowed 
them to integrate the expression and use the following 


integrated form, equation 6. 
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[3-H] Beka AnH jue ko Ren SHy 
[0D] kop [PhSD] ke p[PhSD] 


The complication due to the formation of isobutane from 
thiophenol impurity present in thiophenol-d [eq. (ii) 
Scheme 3] seemed to be unimportant since this ratio of 


WtOn De abstraction was constant in all of the relative 
reaction rates run. Since the last term in equation 6 
1s considered to be constant, ka Kop for each toluene 
could be obtained from the slope of a plot of [—+H]/ 
[—-D] VS) [ArCH.]/[PhSD]. If one assumed that kop was 
constant Toma serves. of weagtions, carmied outeusing 
different substituted toluenes then the relative rates 
of abstraction from these toluenes have been determined 
as the ratio of any two individual reactions. 

Thelma or himbtattion ~ingus mon GhVs, Kwunet1 Ci fagpailky Sirs 
tsathe assumption that the benzylic hydrogen ‘of the 
arylalkane was the only kinetically important source of 
protium available for the formation of isobutane. 

However, the results obtained by Tanner et aie 
on the photodecomposition of AIB and BPP in mixtures of 
thiophenol-d and toluenes are not in accord with those 
reached by Prvor. > ae The results of AIB photodecomposi- 


tion are shown in Table 4. 
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The relative reactivities for the decomposition 
reactions of toluene solutions of AIB (0.1 M) in thio- 
phenol-d (0.6 and 3 M) were calculated from the data 
collected in Table 4 according to the method previously 
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reported. Hammett procs Of i1o0G Raney vs. the sub- 


stituent constants, 0, gave positive rho values, in 


: fah38.39 
agreement with Pryor and Davis, 


although their 
magnitudes (+0.53 and +0.55) are not so large as that 
previously reported, +1.0. This discrepancy was at- 
tributable, however, to the difference in the method 
used to calculate the product ratios obtained from the 
data collected from the mass spectral ahelyeass'” 
From the examination of Table 4, it is obvious only 
(0-16%) of isobutane is formed by benzylic hydrogen 
aostractnons A tbarge: POF GHON Odaerner tert-butyl radica is 
(~25%) abstract deuterium from thiophenol-d. The major 
fraction of the remaining tert-butyl radicals cappears 
to disproportionate to form isobutylene plus its dis- 
proportionation partner isobutane. The iSobutylene plus 
“es addition product and an equivalent amountsor 1s0- 
butane formed by disproportionation account for 71-952 
of the tert-butyl] radicals that do not form deuterated iso- 
butane. The disproportionation reaction was shown to be 
a cage process, since the absolute amount of isobutylene 


did not change by varying the concentration of the 


Scavenger, thiophenol-d. 
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Since it has now been shown that the third term 
(cage disproportionation) in equation 5 was a major 
term J thesexpnesston does .notUappear ta be. easily in- 
tegratable and equation 6,is no longer yalid. 

However, the systematic variation of K/ Kops which 
was obtained by determining the ratio of products 
[CAHy gI/[C4HgD]. could be related to the viscosity of 


os A PlOt LOL Ene. LoG.e rithm oF 


the substrates (solvents). 

unenviscosity, of, each substrate relative to, toluene vs. 

the substituent constant, o, gave a good correlation when 

the values for m- and p-phenoxytoluene, were excluded. 
Noyes' model (equation 7) for the solvent cage re- 

ge tlonus wbredi cts ithat ithe sw rachion sot wamolect lar teactions., 

F = (l/cage efficiency)-1, which take place in the solvent 

eacershouldicorrelate withetnemiuidi ty of the solvent; 


Vinee 
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Since, m- and p-phenoxytoluene are both solvents 


of high viscosity it was not surprising that they did not 


In this equation Ro? is the initial separation of the 


fragments due to intervening molecules, Acs the translational 


energy of the separating fragments, Ac» Ay the mass and 


radius of the fragments, and a, the probability per colli- 


sion that the pair will react. 
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Tie tne= plore oF  Toge tre lati vee vi scosn ties)? ySn4a Go LON A 
plot of log (relative rates) vs. fluidity of the solvents 
however, did give an excellent correlation. 

Safnice k,/kop appeared to be related to the 
viscosity of the media, the relationship suggested by 
equation 7 should be applicable in the Present system. 
The Noyes' model was tested by plotting 1/cage yield 
vs. the fluidity of the solvent. An excellent correla- 
tion was obtained which clearly demonstrated that the 
cage yield of asobutane, the’major Fraction of “i som 
butane formed, Was’ directly contro! led bDy* the Viscosity 
of the solvent. Since it is believed that the cage de- 


50 


composition products of BPP do not yield isobutane, the 


38), 39 


observation by Pryor and Davis that the relative 


rates derived from the perester decomposition also cor- 
relate with o is an anamoly and, therefore, must be due 
POCeRLeCLES  Ocher than thew solvent. ViScOS Uy. wn DTot, Of 
o vs. log (k,/k,°) obtained from the data collected in 
the study reported by Tanner et Meg for the BPP de- 
composition did not give a satisfactory correlation. 


The discrepancy between the study by Pryor?” and Tanner 


46 
on the decomposition of BPP may have been due to the more 
rigorous mass spectral analysis, in the latter work, of 
the hydrocarbons produced in the reaction. 

It was concluded from this work that the positive 
38,139 


0 value reported for tert-butyl radicals either showed 


no correlation (BPP decompositions) or was an artifact of 
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an experimentally observed cage disproportionation re- 
action (AIB decompositions). 

Careful examination of Table (4) reveals that the 
disproportionation to combination ratio, Kyl kee 1S thot 
constant over the range of solvent viscosities used 
(0.56-3.46 cP). However, at that time the variation, 

(k y/k. = 4.6-9.2) was attributed to the experimental dif- 
ficulties encountered in the analysis of the small amounts 
of combination product, 2,2,3,3-tetramethylbutane, pro- 

duced. The hydrocarbon is highly volatile, and more than 


uSual care is required for its analysis (the absolute 


amount of combination product was found by Tanner +o 


to be ten times larger than that reported by Pryor) 20299 
The factors which are known to influence the ratio of 

disproportionation vs. combination must now be discussed. 
In the early studies of radical-radical termination 


processes, a common four centered transition state was 


proposed for the termination reaction of two ethy] radi- 


cals: 293 
CHy: ++ CH=CH, ~ CH2CH3 


2 CH4CH 


Saee | 


dynsacdihe—— 0 
2 catnes CHCH>CHoCH, 


This proposal was based on the very small dependence of 
Taal)? orika/kete Bedeg 


k4/k. on temperature (ky/k. 


exp lena spires However Gillis found a temperature 


dependence for kK y/ke = 5 exp (290/RT) for ethyl radicals 
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in liquid methane, and suggested that combination and 
disproportionation might proceed by way of different 
rans Veron estate: Gillis angues that these findings 
are compatible with the proposal made by Pe eon that 
both reactions involve transition states with con- 
Siderable ionic character, but that the transition 
States are different, and that there could be more con- 
tribution from ionic states to the transition state 
for disproportionation than for combination. Solvation 
in the liquid phase, even in a nonpolar liquid like 
methane, would therefore be expected to favor dispropor- 
tionation. The lack of a significant temperature 
dependence of the Kyl k. ratio observed for alkyl radicals 
has also been rationalized in terms of difference in 
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entropy for the two processes: 


I Ghost Mt ac) BOE Gel Sli Sells basa (9) 


where a = 8/2.3 R and b= 8 (Gece ala. ae RT + constant. 


The above equation is representative of a straight 


Tine only, ifi dei swconstants,, However Konar’® 


and 
Laidler’? using data available in the literature failed 
tOmLind a correlation, between Kk g/ke ratios and AS values 
via equation 9. 

Another factor which could influence the K y/k. ratio 
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ratio. isea steric effect. “Ruchardt, using data taken 


from the literature, showed that the ratio of dispropor- 


tionation-combination of a number of alkyl radicals 


76 


) 


{ bo ey nataentdhion ‘pet co 


ony ~ Sree hea “a ob em gape ra ‘he 


. i | | vill ‘7 | 
a4 es ‘pagan ne § “ q 


2auhey Zi ane Jordar Nh wipased a ant Perr) s bat, 


nh 


apt i 7 s24N? PENT Saaneval i i 


“Noo Soom So Odd i fem a A tea? bos stnpome 


rsenv tec ao 71 ten hime % sh reubd soi namann 


hey ou SeaBett aang uff Stein Sith cates, “4 


1 ye ae oeAee EAT bh yt ‘teh at set NG 
S4Os nreb dates ieyeiais’ teeters aria ‘aid 
«"HQayige Fh to ‘of tarsi Sens anne coruitatiaeer pre 


toscdate caper aoe cine tice fiat oe 
sjewead ata 28d Gd jag jsiean atant 


hk i P| Tz) = ¥ ives 1h8 tra aati “ a big own 


it dinprs, 1a legen. ng ways, sandy, Pak 
fave> o% ts ee ey ied, anotoraity 9 


naa Ney Fag 7 rendetie ® 9 ihoih aa 6 ong 

a. PMs, OS so aad ere igh Per ve 939 
s2mavet Ti. to and tk aabaitiae ead. orte 
- ae | : oo eis ae 00 200 


a 


=. 


a 


Pt SAC" ase ia, Ae = Bho x % ava * - 


Yéoteuta a! Pe aviasddacappnn. 8 no tioupe evede § 


St “Ennion teveley ‘seklnis zt ¢ +? Xoo 4 


ae 


= { 


iy ioe 


oe ta a 
ont 


qa 


’ bail 
ttarttay Taha: Fe een iv, aes eens nia ele’ 


Oye eat 4 
ta 


6] 


correlate with the Hancock steric parameter, E.°. The 


alkyl radicals used in this study are shown below: 


5m ; n-C Ho" ; 1-C3H I", S-CAHg’s t-CaHg’s Et.C’. 


The radicals are arranged in the order of increasing 
ee values and K y/k Gorcaos- 

This relationship however breaks down when applied 
to radicals which can be stabilized by resonance. For 
msteance, the point. for the cumy!] radical (eee = 2.35,°¢ 
k g/k. EO 0m) d1dinot..f it “vhe ori ginal pli tecou kK y/k. 
(Noi) versus Shee 

It has been shown’ | that the disproportionation- 
eombDinatiron ratio is specificefor each radical and 
fumener that the extent of disproportionation of 
Simple alkyl radicals increases with an increase in 
the number of 8-hydrogens available for transfer 
(Table 5). 

TABLE 5 


Disproportionation-Combination Ratios (kq/kc) 


for Alkyl Radicals in Solutions. at 30°°* 
SS ts on OR OAR SON RASS SET. a ae 
ALK oar ad i.ca Solvent k g/k. k y/k(n) 


eS 


CH3CH,* Decalin Ore 0704 
CH,CHoCH, Decalin Opens 0.075 
CH.CHCH., Decalin awe 0.20 
CHz-C-CH. n-pentane Te 0.80 
| 
CH. 


ee eee eee eer eran eee ————EO70ouEEE————————————e_eeE_SO 


The n is the last column is the number of available 8-hydrogen atoms. 
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The normalized values of K g/ke in Table 5 clearly 
indicate that the factors affecting disproportionation 
are more than simple statistical ones.* It has been 
Suggested that orientation of the radicals may in- 
fluence SOTO One that is, for large radicals 
sucie as tert-butyl, rotation is slow relative to the 
duration of an encounter and only a small number of 
radicals are correctly oriented for combination during 
eachrencounter. On the other hand, disproportionation 15s 
much less favorable when the radical is stabilized by 
delocalization of the unpaired electron. For instance, 
kK y/ke per B-hydrogen is 0.023 for l-phenylethyl] 
paca! andl. 06..50r Sumac 

The first report of the dependence of, Kai ee on media 
(solvent) was reported by supa a es in the photoly- 
sis of azoethane in different solvents at 65°C (Table 6). 
A linear relationship was obtained between K g/k. 
and the square root of the internal pressures of the 
solvents employed. The values of K g/ ke changed about 
66% from the lowest value in isooctane, to the highest, 
in ethylene glycol. In the same study Stefani showed that 
the kK y/k. ratio was temperature dependent. On the basis 
of these observations the authorsee??* suggested that the 


kK G/k. ratio is a function of the "internal pressure" of the 


solvent. Dependence of the kg/k, ratio on solvation of 
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TABLE 6 


Disproportionation-Combination of Ethyl Radical 


as ‘a’ eFunettonm of-. Solvent), ge 08 


SD 


Solvent Scavenger kK y/k 


Gas phase None 0.14 

Isooctane None 0.144+0.003 
Isooctane Sytrene O34 520240107 
Limonene None Os. 58 G00 5 
Ethylbenzene None O.5,6240..90 0 | 
m-Xylene None Of 16.520...0.08 
Toluene None O 6,710. 0.0.3 
2-Butanol None De 1632.0" 003 
2-Propanol Styrene O17 S207 001 
1-Propanol Styrene OF) 81205 0103 
Aniline Styrene Uebel 
Acetonitrile None On2002 0.006 
Acetonitrile Styrene 0. 208+0.006 
Ethylene glycol None 0 24140+003 
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radicals was ruled out by Stafani on the basis of the 
observation that no correlation was found between the 
kK g/ke ratio and the dielectric constant of the solvents. 
However Kactuiee | in an investigation involving a variety 
of alkyl radicals, showed that the kK gk. ratio re- 
mained the same in hydrocarbon solvents, using pentane, 
decalin and Nujol, although the "internal pressure" 
varies widely in these solvents. 

ror aradicals where no disproportitonation 1S possible 
Szwarc Boe demonstrated that the probability of the 
cage combination of geminately formed trifluoromethy] 
radicals (CF) obtained from the photolysis of 1,1'-azo- 


bistrifluormethane, increases with decreasing temperature 


and increasing viscosity of the solvent (Table 7). 


TABLE! 


Probability of Cage Combinations of CF. Radicals 


in Solvents of Different eco editsest 


Solvent Mike Rac} a SUE oo. 
nl et ee ee 
2-Methylbutane Gre2s2 Ons e274) Oe hd 
Isooctane 0.484 0.49 0.40 0.24 
Carbon tetrachloride 0.944 0.64 Shae 0.34 
Decalin aioe ORT 0.69 U250 


a ce a ne a 1 aac al a 


*Probability of cage combination was calculated as CoFe/No 
ratios. 
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However, the probability of combination of caged methyl] 
radicals was found to be much higher than that found 
for trifluoromethyl radicals. The authors suggested 
that this might be due to the higher rate of rotation 
of methyl when compared with trifluoromethyl]. 
The variations in disproportionation and combination 
63 


products were also reported by Nelsen and Bartlett in 


the study of the photodecomposition of azocumene (Scheme 4). 


CH. CH CH CH 
\ Vs hv \ 3 hes 
i) AS ae —— gs N. *C-Ph 
CH. CH. CH. ta, cage 
cage products 
CH CH 
Oe AS: Kai ff , 
11 )oe1 Ph-C" No °C-Ph ——_——— 2 Ph(CH.) oC + No 
/ \ 
CH. CH. cage 
Ky 


iti) Ph(CH.) oC” ———> Ph(CH C=CH, = Ph(CH,).CH 


3) 


k 
iv) 2 Ph(CH,),C* ——t Ph(CH3)oCC(CH3) Ph 


(SCHEME 4) 


In benzene solution at 20.5°, cumyl radicals 


couple predominantly to give bicumyl] with KK = 
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0.06 and in frozen benzene, at about -8°, dis- 

proportionation and combination occur at almost the 

Same “rate, K fk =" OT93- OS) HOWEVer nO eEOnVInci ng 

explanation was given for the difference of K g/ke in 

Solution and solid benzene. The medium effects on 

disproportionation-combination ratios have also been 
69,70 


studied by McBride using the photodecomposition 


Of azobisisobutyronitrile (AIBN), as°a’model reaction 


(Scheme 5). 
oe make CH bie 
AS ied dome —_>> N=C-C° No aca 
tH CH CH CH. 
AIBN 
sete 
N=C-C—C-CEN (TMSN) 
k 
ete CH, CH, 
wen C=G=N-C=GaN Suh) 
' CH. CH 
ee 
ote CH. 
N=C-C + He-c=EN (IBN) 
\ | 
CH. CH. 


(SCHEME <5) 
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Photolysis of AIBN in benzene solution produced ~40% 
tetramethylsuccinonitrile (TMSN), ~5% isobutyronitrile 
(IBN) and ~55% ketenimine (KI). However, photolysis of 
crystalline solid AIBN produced ~96% IBN, ~4% TMSN and 
“Ono e7uLee Lhe samount of disproportionation product 
(IBN) is produced in an increased amount at the expense 
of the Symmetrical combination product (TMSN), as the 
viscosity of the medium is increased. This observation 
was rationalized in the following manner: A dispro- 
portionation reaction, to yield IBN, requires only the 
movement of the nitrogen Molecule and the rotation of 
One methyl group; while a motion of the nitrogen and all 
of the atoms of at least one radical would be required 
to form the coupling product. The more viscous medium 
hinders the latter process. 

Different K G/k. ratios have also been reported for 
tert-butylsand,isopropyl.radicals singdl tferent media: 
Thevyratio.of disproportionation-combination .for “tert- 
buy )aradicals. changes fom «243-4 ..5 “yn athe «cas phasee™ 
GQ) e7n2uininepentane<to .~500 sini the solid phase siiso- 
Bib lemedin4 ii FOR rLSOD OPV ured ca Ws wethe K glk. na. 
has been reported to change from 0.65-1.1 in the gas 


64 64 UN ale 


phase Couhaceunedeca Win toiu.k.6-2nin eSolidephase 


(photolysis of azoisopropane at -195°). 
Very recently Fischer’ - reported the viscosity 


dependence of the product distribution obtained from the 
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seli reaction of tert-baty) vadicals. The report 


appeared to have a significant bearing on the seemingly 
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inconsistent Ue ratios observed by Tanner. In a 


previous paper Fischer’ had shown, from the study of the 


photolysis..of di-tert-butylketone..that the. self termina- 


tion rate constant kis (k_ + k 4) of tert-butyl radical's, 


Cc 
R°, in solution.is governed by translational diffusion, 


iecrmevery encounter of two “free” radicals. (that forms 


emecaged= = siMiG'et pair before reactions results in formation 


of products; isobutane, R(+H); isobutylene, R(-H); and 


2,2,3,3-tetramethylbutane, R-R. 


The termination rate constant for two tert-butyl 
radicals was shown to be diffusion controtted £47 
TVRTIOEK 2 ran Peed oh? hice and increased not only 
by increasing temperature but also with decreasing 
solvent molecular weight (Table 8). Furthermore a 
linear relationship was found between the termination 
rate ‘constant “(2 ky) and the *reciproeal ‘of "Viscusi ty 


(T/n)y°of the media, i.e. for non-associating liquids. 
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TABLE 8 


Termination Rate Constant of tert-Butyl Radiicakey: 


one ka a Ey Oe RE ALS A ee Saat 
Solvent F kK, 
[K] 109 m-ls-1 


Similarly, the producteratios., Pack produced from 


as 
the reactions, were studied as a function of their 
Vaniation tasitamestlt of mwrunning thesdécompositions in 

a variety of solvents and at different fenperatures.~ 
(Table 9). From these results, Fischer concluded that 
the controlling factor which determined the variation 

in the product ratios was the viscosity of the media. 

A correlation of aie with the entropy difference 
between disproportionation and combination products could 


be excluded based on the marked temperature dependence 


of kK g/k. and strong medium effects for tert-butyl 
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TABLE 9 
Disproportionation-Combination Ratios, kK lke 


PoRntherSelfoReactionvofytert=Bbutyl Radicals’? 
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radicals in the liquid phase (Table 9). 

Solvation effects were shown not to be in accord 
with the increase of kK g/k. with the chain length of 
the n-alkane solvents. There is, however, a limited cor- 
relation in Fischer's data between internal pressure of 
the solvent and Ky/k. ratio., .Indeed, the trend-of the 
internal pressure P. in n-alkane solvents is similar to 
that oT Ky/kos i.e., p, increases with the solvent chain 
length. /° However, there is a discontinuity in the pro- 
posed relation between kK g/k. and p, at the gas-liquid 
change of phase. Going from gas phase to liquid the 
internal pressure changes by a factor of ap while 
K G/k. for tert-butyl radical -changes:by ayfactor of two 
or lesen Lots is) dm marked «contrast .oO tne more. than 
five fold change of k,/k. for tert-butyl radical in the 
Taguid phase, observed by Fischer, for a’similar change 
in internal pressure. 

The dependence of the product distribution on 
the viscosity of the medium is one of the criterion 
which is often diagnostic of a cage effect. The 


concept of a solvent cage was first proposed by Frank 


and Reta memi ccna and was extended and elaborated by 


hacen aed? 


The importance of cage reactions has been amply 
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demonstrated in a number of reactions involving 
geminate radical padvsuee 

According to the Noyes' model, 1/cage efficiency 
(F) should be linearly related to the fluidity (1/n) 
of the media except in the most fluid solvents, where 
the square term, ae becomes important’: (see 
equation 7). This linear relationship between 1/cage 
vs. fluidity (1/n), has recently been observed by 
pannerisetnala;vinitherphotodecompositionsofo2, 2'> 
eaiconicancab. errinae on the other hand, has cor- 
related the cage yield of ethane in the photodecomposi- 
tion of azomethane to the internal pressure of the 
media. 

hhe punposecof, this tportiensofathe study .wasitto 
establish whether isopropyl radicals generated by the 
photodecomposition of azoisopropane (AIP), could 
competitively abstract hydrogens from substituted 
toluenes in the presence of thiophenol-d. The re- 
powatedapositive mno (vallueraf F0.8, : appeared un- 
reasonably large for hydrogen abstraction reactions of 
a carbon centered radical. 


It was oe that therek inet ice'sulitist Wwhitc eled 


30 
to the proposal of a positive rho (+1.0) for the 


tert-butyl radical was a consequence of a cage reaction. 


Since the reported positive rho value for the iso- 


propyl radical was based on similar kinetic results, 
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it was necessary to reexamine the kinetics results 
reported for this secondary. radical’. 


It has been Shown 


that the tert-butyl radicals 
obtained in the photodecomposition of AIB could not com- 
petitively abstract from toluene in the presence of thio- 
phenol-d, and that the cage disproportionation reaction was 
the major pathway in the formation of isobutane. If these 
Sreervyations cares correct; the reactions.of itert-buty! 
Fadieals in solvents (substrates) which do not. have 

any abstractable hydrogens, such as benzenes, should 
produce the same product ratios as were obtained in 

the corresponding toluenes. It was decided to examine 

Pie toOte OT si SODrOp yap and tent -Dbulyl radicals ins inert 
solvents (arenes), in the presence of thiol, and 

compare the results of these decompositions with those 
obtained in the photolysis of AIB and AIP in toluene 

with added thiol. It has been proposed that the observed 
posttive rho values ireported by Pryor are, dues to 


cease The results of the 


the aromatic ring addition. 
above experiments will provide information as to the 
Viaiidiseye- or ith isk propoOsad:l . 

It was Shani that cage disproportionation re- 
act 1ons of tert-butyl radicals correlated with solvent 
vHIscosait yar romiul:.o0 to G6 (eP. It Was adecided gto 


extend the range of viscosities studied and to examine 


the relationship between the cage yield and the solvent 
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viscosity for both the photodecomposition of AIB and 
AIP. 

Finally, the experimental results reported by 
ever Suggested that K lke for photodecomposition 
of AIB was not constant in solvents (toluenes) having 


varying viscosities. Fischer 


has now provided a 
model which predicts a relationship between ae 

and solvent viscosity for the encounter of two tert- 
putyreradicals.. he: relationship for both tert-butyl 
radicals and isopropyl radicals, which are generated 
geminately, by the photodecomposition of AIB and AIP, 
Hemco be mvestigated. Our “results: for geminavely 


formed tert-butyl radicals, provide an opportunity to 


compare the viscosity dependence of kK g/ ke with those 


obtained by Fischer’ for encounter reactions of tert- 


Duty oyadrca ls:. 


90 


It 1 


\ wore BIR tw no te he cg aae 


a. befsagen attude’ | ‘geal | 

noid hanabooshot ead et” et | 
vatven fe zene Tor aiwavhes nt Er 
' g. BSbikwomg hoe! RoR, CRs ta! ; 
pao “realani ae we wana 
Pas sey Fe 792 oHaNA aut RL yites 
iutud=t499 Mion Wer cunenanteton sar 


batehanoy aXe a aie | 
DA: Br 


oF VIN \ ie 
aeankge ony Li wi yh igh, 


. F ea , 4 ee 2 Va 63 6 any 


sy 


. a 
Tye Pay 


a | 


i ne 
*,' 5 , 
7 7 ¥ ot 
aul F 
y ss y 
: oaey : 
rs are 
i : : 
Pa 7 mie iv Nae es: 
t a ' 
» - a a 
an rr ‘ 
4 7 ; a 
i 


oa 
RESULTS 


Products of the Reactions of Azoisopropane (AIP) with 
PhSD. Material Balance. 


Solutions of -ALP ((0.1-M) and thiophenod-d (0«5 M) 
in a chosen toluene were photolyzed (20 h, 30°) to 
approximatley 42% completion. Analyses of the products 
obtained from the photodecomposition are listed in 
fable 10% |The Organic products accounted from 95 “to 
100% of the theoretical quantity of isopropyl radicals 
produced. The products resulting from the reactions 
of isopropyl radicals were propane, propane-2-d, propene, 
2,3-dimethylbutane, and phenyl propyl-2-d sulfide. 

The percentage of decomposition was based on the amount 
of azoisopropane used. The analysis of noncondensable 
gases showed, beside nitrogen a small amount, about 9% 
(base on the nitrogen collected) of another noncondensa- 
ble gas. Subsequent mass spectral analysis showed that 
this gas was a mixture of hydrogen isotopes (see 
experimentalye, It. wWas.clear«that. underathe sabove con- 
ditions, thiophenol-d was also being photolyzed to 
produce a small quantity of noncondensable qase s Due 
Pomrhistcomp |i cation,. the percentage yield of the 
products were based on the amounts of AIP consumed and 
not on the nitrogen (i.e, noncondensable gas) evolution. 


The isomerization of AIP to isopropyl hydrazone was 
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Shown to be a significant side reaction in p-cyanotoluene 
where the reaction occurred to the extent of about 13% 
(Table 10). It was shown however, that azoisopropane 
did not isomerize significantly to the corresponding 
hydrazone in the majority of the solvents, and under the 
reaction conditions employed. 

Similarly photodecompositions of AIP (0.1 M) in 
the presence of thiophenol (0.5 M) in a variety of solvents 
(benzenes and Nujol) were carried out to about 42% com- 
pletion. Analyses of the products obtained from these 
decompositions are listed in Table 11. The organic prod- 
ucts accounted for from 92 to 100% of the theoretical 
quantity of isopropyl radicals produced. The products 
resulting from the reactions of isopropyl radicals 
were propane, propene, 2,3-dimethylbutane and phenyl 
propyl sulfide. The percentage of decomposition was 
based on the amount of the AIP consumed (Table 11). 
The analysis of the noncondensable gases showed that 
beside nitrogen, another gas, hydrogen, was formed in 
approximately 14% yield (based on the nitrogen 
collected), (see Experimental). The isomerization of 
AIP to isopropyl hydrazone was shown not to be a sig- 
nificant side reaction in the solvents used except in 
benzonitrile where the reaction occurred to the extent 


of about 117%. 


The results of the photodecomposition of AIP in 
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toluene in the presence of varying amounts of thio- 
prenoy=du (On ll-ls461M) ware Listed sing hable 12. 

The decomposition of AIP in benzene and toluene 
without added thiophenol yielded, besides nitrogen, 
propane, propene, 2,3-dimethylbutane, and isopropylbenzene, 
aenumber Of minor products (>7):. The minor products 
were detected by GLC, however they were not identified. 
iiewmroductssidentified, accounted for 76% of the iso- 
propyl radicals produced. In toluene four new products 
were detected (GLC); bibenzyl, isobutylbenzene and a 
1:3 mixture of o- and p-isopropyltoluene. A large number 
of unidentified products (>11, 6%) were also detected. 
The products identified in toluene accounted for 80% 


of the isopropyl radicals produced (see Table 13). 
Pso tupac Purity2of tThiophenol=d- 


The amount of isobutane resulting from the abstrac- 
Li Oneotm pDrotlume rom thiophenol ine tpe deuterated 
mercaptan was determined by an analysis of the products 
obtained from the photodecomposition of AIP (0.1 M) in 
a benzene solution of the thiophenol-d. The results of 
these experiments are listed in Table 14. 
Mass Spectral Analysis of Propane and Propane-2-d. 

The mass spectral cracking pattern of propane and 


propene-2-d show quite intense peaks due to the molecular 


anueroetiveovregs? bas. asaylityas ol teehe % : 


« | 


(agra Pe ar ome. en i lea 
ss abaat int vanerhs 

erafes bie .soegnem nt aie 

. wetter an rn tere nats Fa 


PT SuUDONs Wea ati ie 2) errant. 7 


aT perma tg see ee 744 Sweet 938, «at 


44 ky 2B wrt bannue>: ¥. pote 4 #99 ONG. 
d / “A ’ . 5 \ | 7 
erg waw Swot aneuies at habeas teehee | 
. r — a - : 
(6 en huang Pyne ae £f94B2 te 


wash A Joneetat? asaagig bind Sah 
feb wats ony’ 4 ca PRED asauiena soca tane 
bsfoddsey sabut at ep ei i * | 
(dat oe) We ibe ee ames ra 

ie 


ont “yo agian ye enw, we be im 
sient att mon? bese 


a 
to ey year ent: 4h Towatgaihy, ons a marty tos anesasd . 
es . 7 ae 
LST OaT i” ‘Gaye ae santa senne sz at: 


ot %o tev fan Ls 
if? 
t 


1 i a a = 
M4 i 
+= anh ian bits. sangmo4? “14 ; 
ES 9 ee 7 


URh Shagurtgd Fn wvap ne 


fase Poe ary oy sible 
ye 


96 


"(SiLsSALeue Leaqoads sseuw aas) Gy/pp SuoL a/w Aq siskieuy (q 


"(LezuswtLuadxa vas) cq pue qH Ran RAN uLe}uo) (ke 


62" £29 t0L eb" 6°22 pee £29 O'6> = 8L0 Zb'9 81°0 6° LL sal 99°/ Slpl 8 
€2°L y'09 «8°96 18° 02 gle 5°65 L9v = pBL"0 2e% 910-0 2°L 9°81 £2°8 OerlL 
Stl £09 8°L6 202 €°82 0°0€ p°8s €8p 8280 GL°9 S10 BL Let 19°L 0°86 69 
“it £'29 201 ee 6°82 S-2e p09 2°25 S980 89°9 210 L°2l S61 6L°L le S 
Bil 0°29 “001 88" "82 9° Le £°95 €G5 £860 19°9 20°0 L2l 8°8l Osc 68H 
6LL 6°95 —-2°S6 82" 0°92 9°62 £°bS 2°€S = 1860 s8°9 —-8b0"0 gL Let zk O6 BDC 
oan Gus W°L6 SO" €°92 2° LE Le 6.1L 068" 0¢°9 01°0 2°21 9°81 69 = OH LL 2 
02° O19 = -£00L pil Ll2 2°2¢ s Be 2°bL G26" 02°9 01°0 g‘2l 8°81 Ui OL tle eee 
(Gachioeee ae OOLXLOMM OOLXLOuM OLX LOuM OOLXLOuM —OOLXLouM OL x 
“4/4 bene DNeW< = Arsua >—< << a< H~< I< > Wew< ENN nen <> Nen< argeehaes US Nady were 
<i q pasn 4 leurs = Ley a4uT -uou —-[asud] 


8 
OOLx[(Ppasn) >N=N< [Oum/{oum] *szonposd 


aN ee eee | ee 


"(W 8h L-LL°O) P-LOuaydolry, BuLurequog 
(WH S29 2-1-6)) eUeh|O] UL (We 1-0) euedoudosLozy jo vol{LsodwosepozoOug -7) e[qel 


‘ewe Ppa gd 
ceed peng 
Sinaia Cece Geta 


= 
- 
” 


fatwenireaes aa2) oe ON veh «oh APHIS 


yitas taal sage etaa 962) C88: cuo?-elmh ye Sreyient id 


Fen 


oe 


%8°9 

b°08 S}INPOAd Li< EH Leal 0S°S + 0°82 £°62 L°0L Smut 0°0 09°9 vst LOo*LL F99H29 v 
AL'S roti 

E°6L S}ONPOAd LI< 2b P SIS | 02°S = c 92 95 6¢ 2°04 ttt 70°0 c0°Z e°8l OS°OL “HO"H"9 € 
ON 99 

9°9L SzINPOdd L< = a = ceo c 62 ele els O'OL £0°0 —S°8 9°8l 06°6 H"9 é 
pel 9,9 

9°GL = SzINPOdd /< = = & 0S°9 G82 ele $°9S £6°6 £0°0 9S°8 S*8l 01°6 Hed l 


OOL x 
(posh) OOLXLOWW OOLXLOumM OOLX Loum  OOLx Loum 


. 9 
SHENK wwe efi) (Gh 40) 0) >< Ke IK HH Ht 
=N 


quaatos Auquy 


€ 
aiqesuapuo) 
01 N [Oum7, ou] *SzoNpoag pasn Leury = Leg guy -uou 


"(.0€) Quan,ol pue suazueg ut (W [°Q) auedoudostozy so UOLZLSOdWODSapOzZOUd ‘EL alLqel 


98 


fLd<e] qc to ! 
: — Sele niles | 
ZA 
(sud + < ) - rd aslO< J 
-S@ pazyeynated (f¥) wOZPDeY UOLYIIUUOD = en (9 


HS 
"(siskLeue ,euzdads ssew aas) Gp/pp SuoL a/w fq SitsAleuy (q 


"(Lezuautuadxa aas) cq pue qH man aN uLequo) (e 


L9SE°O 6°96 46°L €°82 OLE 0°bS 2-¢S 79960 levl 920°0 8° Ll 2 6l b6°L 2 
Lve 0 
9/££°0 8°96 ME 8°82 8°0€ (OCS CaS 0€S6°0 C2ae 120°0 LAN 0°61 68°Z l 
[a<} 
as 
=e 001x 
wsfH<] gy [0<] (pasn) 4 Z - 
$0 = s ANd Se a< H< a OOLX LOU HOLXLOUM OOLX{OUM OOLX {Ou  QOLX Loum 
abeuaay ale! >wNen<O <> Nen<O enn <C> Nen~<O > Nen~< sasey kaqu3 
A en Sie aa - a eu Ridiu od hae pe 
ec 001x[(pasn) >N=N< [Oumu/,oww] *syonpoud pest H LeU CeEsMT e ~UON 


"o0€ 78 (W S°O) P 
-LOuaydoly] JO adUaseug ayy UL aUdaZUaG UL BUedOUdOSLOZY 40 UOLZLSOdWODSPOYOUg ‘pL alLqel 


age 


od 


ee 4 (istagmisogxs #22) .@ be SW Ki gt 


sr ) 


‘| 7 ’ 7 , = — e * . > . 
sicwlere [Arfoapec ees sae) SAUDE 2nof- oie Va Bragi ans || 
. : 2 . ie 
6 Pees o 7) 38 6? ace isss703 = 
(u"24d tS } oo. =f te 
fat 7 cae r Te. 
; 2 ieee 1 a The 
f =, 


99 


ions, m/e 44 and m/e 45. The analyses of the product 
ratio [C3HgJ/[C3H 7D] were carried out by measuring the 
ratio ofsthey parent M* ions at very high resolution 
(eo UG0eatonic Mass™units). At this high resolution 
it was possible to show that there was a large con- 
tribution to m/e 44 from the fragment M-1 obtained 
from (C3H7D). In each run the ratio of m/e 44 obtained 
from C3He and C.H_D and the total m/e 44 were measured 
so that the m/e 44 resulting from the CH. molecular 
ion could be meaSured in an unambiguous manner. It 
was Shown that no other fragment contributes to mass 
m/e 45. The ratios of [ )H]/[ }D] measured in this 
memneraare listed in Table +15. 

It was further shown that the component (m/e 
45.067329) due to M-1 fragment ion of the compound 
C3H.D. wasw absent @Schene= 6) -& GnSthe wWasis of Sthis 
observation, the secondary photolysis of phenyl propyl- 


2-d Sulfide was ruled: out 


ene = 3 Sy Png BF me 
- + PhSD ——>r 4 + PhS” 
ng 
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Footnotes for Table 15 . 


Analysis by m/e ions 44/45 (see mass spectral analysis). 
Corrected for thiol impurities from Tables 10 and 14 as, 
(PotD ye ere] bated (SH) 28 (S00 / (SD) +6 (ed) < 
Calculated as k Kop = (>H/>D) onrected Legh sSOI/LArchH,]). 
statistically corrected for xylenes. 
Calculated from Table10as, % cage = Dt PhS~< +>—~<. 
D 

Calculated from Table 10 as, k4y/k. =(D+t es a tae eee 
Calciteatedhifrom Tabletio.asyit=he- (+ PhSceeide 

D 


Calculated from Table 10 as, (>H) - Nes BPhéox- e441 Da. 
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Broquetseof the Reactions of AIB. Material Balance. 


Solutions of AIB (0.1 M) and thiophenol (0.5 M) 
in chosen solvents were photolyzed to 100% completion. 
Analyses of the products obtained from these photo- 
decomposition are listed in Table 16. The organic 
products accounted for from 95 to 100% of the theoretical 
Spientity tof tent-putyl~radical’s produced. “The 
Peoducts resulting from the reactions of tert-butyl 
Padicalsawere isobutane, isobutene, 2;2,3,3-tetramethy) - 
butane, and phenyl isobutyl sulfide. The percentaae 
decomposition was based on the nitrogen collected. 

The decomposition ofsAls Goll My) a nesolvenst 
benzene and benzonitrile without added thiophenol yielded, 
pestdes nitrogen, psobutane, asobutylene, 2..3,3;53- 
tetramethylbutane, and tert-buty?lbenzene, and a number of 
minor products (>4). The minor products were detected 
by GLC, however they were not identified. The 
Puoduets adentified accountedetor 94% -0f tert-butyl 
radicals produced. In benzonitrile a new product was 
detected (GLC) which was identified as p-cyano-tert- 
butylbenzene. Subsequently, using capillary column 
chromatography, it was shown that this compound con- 
tained another minor product which was tentatively 
identified as o-cyano-tert-butylbenzene in the approxi- 
mate ratio of 17:1. In addition to these products a 


number of minor products (>3) were detected (SLC); 
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Footnotes for Table 16. 


mero concentration 0.112 M. 

Nev Otelys bight parattinm oil; Nugol (Hi). heavy parattin 
Cit; NUJO! \E/H), mixture of ‘heavy and Jight paraffin 
Oil (weight ratios). 

Mixture of tert-butyl alcohol and anhydrous pinacol 
enodwirat1os).. 


Reactions run without added thiol. 
Galcu lations as, Z-'cage* = >= oF ie a >_< : 
>= + inlets 
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| 7 fa Hee 7% 
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however, these were not identified. The products 
identified accounted for 82% of the tert-butyl radicals 
produced (Table 17). 


Viscosity Measurement. 


ine viscestties of the solutions in which the 
photolysis of AIP and AIB were carried out, are listed 
in Table 18. 

temapoedrs that a large decrease in Viscosity of 
higmiy viscous. SOlVents. is caused by addition of 0.5 M 
thio) se sHowever the addition of thiol (0.5 M) did not 
Significantly change the viscosity of the low viscosity 
Solvents (seealable 18).,. The change of viscosities of 
roluenes. (from 4 to 25%) was reported by Tanner et al-~, 


at high, concentration of thiol)(3 M). 
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TABLE. 18 


Comparison of the Viscosities of Some Solvents 


With and Without Added Thiophenol 


ETS TI a NB RB ES OE OEE AIEEE ISBN GIO STIS ERAS ELIE STREP SSPE RG TP ETE GS SIS SENS ESD EEO SET NIE TE TORI ES 


Solvent n° nP 
SALE aE LILIES DLE ELIE SITS EADY 8S Se STIS BIER TEER PE TE BOS TO ENE TET, 
C,H. 0.543 OG. 526° 
m-MeC,H,CH. 0.577 epee 
p-CNC,.H,CH, 1.410 1.437¢ 

e 
m-C¢H,OC,H,CH, 3.248 3.463 
Nujol (L) 12.69 18.74 
ugor (Pye (aT Aad ie 36.26 
—0H/ hy) Teese 27.62 
HO OH 


m 


oO 


(@) 


oO 


(a) 


VISCOSILY. CP, Of the solvent, containing. thropnenc! 
KGs5° M5 30°): 

VISCOSTLY, cP..0T*thessolvenu witout thiophenol (30° ). 
Taken from "Handbook of Chemistry and Physics", 5/th 
eae, AGRE Press $4Cleveland, Ohio, 19/6. 

Fakenefromereas Wriahts"Jo ChemevrEnd? Data, oF 454 
(4961). 


Taken from reference 46. 
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DISCUSSION 


Azoisopropane Decompositions. 


Relative reactivities for the decomposition 
reactions of toluene solutions of AIP. (0.1 M) and 
thiophenol-d (0.5 M), were calculated from the 
data, examples of which are listed in Table 15. 
in the usual manner (Footnote, Table 15). Hammett plots 
ofl log kee? vs. the substituent constant, ae when 
the values for the mM-and p-phenoxytoluenes were ex- 
cluded, gave a positive rho of (+0.46), (see Table 19 
and Figure 1). Using the values for the same substrates 


38,39 (Figure 2) a positive 


reported by Pryor and Davis, 
rho of (+0.82) was obtained. This discrepancy between 


the two rho values may be attributable, however, to the 


difference in the methods used for mass spectral 
analysis (see Results). 

If one examines the data given in Table 15, it is 
immediately obv@ouss that werye little, if, any, of @he 
propane results from abstraction from toluene by an 
isopropyl! radical. ~A Targe percentage of the isos 
propyl radicals (~27%, Table 10) abstract deuterium 
from thiophenol-d. The major portion of the remaining 
isopropyl radicals appear either to disproportionate 
to form propene and propane or combine to form 2, 3- 


dimethylbutane (~28%). The propene, its addition adduct 
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FIGURE ee A Hammett plot of log (relative k,) values 
for hydrogen abstraction from substituted toluenes by 
LSOPrODY Lava 1.Ca:1S. jats 3.0,% VS) a lithe symbo liss) Oss iel, 
correspond to different methods used in the mass spectral 


analysis of the hydrocarbons). 
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(phenyl propyl-2-d sulfide), and an equivalent amount of 
propane formed by disproportionation account for 72-84% 
of the isopropyl radicals that do not form deuterated 
propane (see column headed "uncorrected maximum abstrac- 


tion from ArCH,", Table Sah 


a ie) (11) 


The disproportionation reaction was shown to be a cage 
process, since the absolute amount of propene formed (pro- 
pene plus its addition product phenyl propyl-2-d sulfide) 
Remarned’essentially constant at concentrations of. .the 
Scavenger, thiophenol-d, between 0.11 and 1.48 M (Table 
12). The results given in this table also demonstrate 

the absence of induced decomposition, another likely 
Source of propane (equation 12), since the absolute 
amounts Of Olefin (plus Jts addition product). could not 
remain constant if induced decomposition were an impor- 


tant process. 


»: + yen ——> 4 uy +N, + » (ae) 


Addition of an isopropyl radical to the aromatic 
ring to give a cyclohexadienyl radical (Vv) followed 
by hydrogen abstraction by another isopropyl] radical 


could also give propane (equation Was 
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However, Since no o-, m- or p- cymene (X=H) could be de- 
tected in the product mixture, reaction 13 can be neglected. 
The amount of propane, resulting from the reaction 
of isopropyl radicals with impurity, thiophenol, present 
in thiophenol-d, was estimated by carrying out the 
Duo lLodecamposstion of AIP (0, 10M) .inean inert. solvent. 
benzene, in the presence of thiophenol-d (0.5 M). Since 
it was shown that reactions 12 and 13 are negligible, 
then the only reactions which result in the formation 
Oaapropane are, the ‘cage disproportionation of 1sopropy| 
magicavSeand the reaction Of 1s0provy.L Gadicals with 
impurity, thiophenol. After correction for the amount 
of propane formed by disproportionation, abstraction 
from the impurity, thiophenol, amounted to ~34% of the 
propane-2-d formed in the reaction (for the calculation 
See che footnote in Tablemi4j.. When this “fraction 
of propane was subtracted from the uncorrected maximum 
amount of abstraction, only 0-13% of the propane formed 
jieany Of the reactions which were used for the kinetic 
analysis could be attributed to benzylic abstraction 
apie. io last column:). The correction factor. (0.304) 
formabstraction of protium from the* impurity epresent 
in the deuterated thiophenol seems too large. However, 
one should consider the isotope effect for abstraction 


from thiophenol and thiophenol-d. Tht sotvsotopese ffect, 
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kiu/kp> for the tert-butyl radical was estimated to be 
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=“). there is, however, no kKu/kp value available for the 
isopropyl radical. The purity of thiophenol-d was 
measured by nmr to be ~97%. Using the correction factor 
(0.34) and an estimate of ku/ky of ~5 for the isopropyl 
radical, would place the purity of the thiophenol-d at 
approximately 93%. This value is in fair agreement, 
within the experimental error, with the nmr analysis. 
The entry (12) in Table 10 needs some comment. 
Since the photodecomposition of AIP in p-cyanotoluene 
produced a significant amount of the rearranged product, 
isopropylhydrazone, it is possible that the large 
amount (13%) of hydrogen abstraction was partly due 
to the hydrogen abstraction from hydrazone (VI), (Scheme 
7). It is not clear however, why the reactions carried 


out in p-cyanotoluene give more hydrazone. 


y—nen{ — aay 


N=n-AX ¥ ead yan-n—{ + 4 
(SCHEME 7) 


The rearrangement of secondary azoalkanes has been 
demonstrated in several cases. For instance it was 


shown by Kopecky and Gillan?” that photodecomposition 
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| R 
H-C-N=N-R' ———m “C=N-NH-R' (14) 

| a 

R 
of 1-l'-diphenyl-1l-methylazomethane resulted in the 
almost exclusive formation of the corresponding hydra- 
zonpes.sitihermolysis<of.this azo.compound.ih, presence of 
n-butanethiol produced small amount of unsymmetrical 


azine, acetonhenone benzaldehyde azine, 

CH. 

' 
(CoH, -C=N-N=CHC EH, ). Formation of azine has also been 
reported by Kooyman©® to be a product formed during the 
decomposition of 1,1'-diphenazoethane in presence of 
OGranethiol. It has. been suggestede” that these de- 
hydrogenations may be initiated by hydrogen abstraction 
trom the azo compounds by thiyl wadicals. It was also 
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Shown by Paterson and Ross that the thermal rearrange- 


ment of 1,1'-diphenazoethane to the corresponding 
hydrazone could be catalyzed by acid. 

li@aernot “surprising "that isopropyl! radwcals™ reddy By 
reach with thiopheno!l im preference to toluene. o'r 
that in fact they undergo bimolecular reaction rather 
than competitive abstraction from toluene. Chain 
transfer data for a variety of structurally different 
polymer radicals invariably show that they react with 
Pharos >10° times faster than with toluenes,°° any 
values of relative reactivity much different from this 


would be suspect. A comparison of the rates of reaction 
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with toluene of several radicals (i.e., poly vinyl 


acetate radicals, 5 Mo ee 


89 3 


qt700°s OT pPOTYSTYTY | 


radicals, Tox 10M a ory with the rates for 


the bimolecular self termination of simple alkyl 
Wadicals. (2 x 10° m7Ig-Ty 90 clearly demonstrates 

that only at very low rates of radical production 
Should the abstraction reaction effectively compete. 

A further indication that in this system benzylic 
hydrogen abstraction is a nealigible reaction comes 
from the results of the photodecomposition of AIP in 
neat toluene. The reaction yielded isobutylbenzene 
(S37), 1s0propyltoluene (~leze)rand bibenzyl (-4.42) 


arising presumably according to the following reactions 


(Scheme 8). 


° h ° 
1) (CHa) CH-N=N-CH(CH)y —~m 2(CH3)oCH + No 
sah CH(CH)5 
1%) (CH3)5CH + CpHeCH3 2 cH {VN ——> (CH3) CHC 6H, CH 
(O-m=>p-) 
k 


iii) (CH3)5CH + CgHgCH, —2-»(CH3)9CHy + Cg CH, 
iv) Cea CH, + CgHsCHy —— Cel, CHoCH oC Hs 


v) CgHeCH, + (CH3),CH ——m CgHgCHyCH(CH3)> 


(SCHEME 8) 
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Since all products arise from the reaction of 
radicals formed from the bimolecular reaction of an 
isopropyl radical and a toluene molecule, both the 
benzyl and the cyclohexadienyl radicals and their prod- 
ucts should be formed in a definite ratio regardless of 
the number of isopropyl radicals which are scavenged. 
When thiophenol was added to the reaction mixture no 
bibenzyl, isopropyltoluene or isobutylbenzene were 
detected (GLC). The absence of bibenzyl and isobutyl- 
benzene would be expected since it would have to be 
produced from the coupling of two radicals in the 
presence of an efficient scavenger, thiophenol. How- 
ever, if the abstraction from toluene had taken place 
then a detectable amount of isopropyl toluene should 
have been detected since the addition product and the 
Coupling products*are formed in jasratio of ~0.13 
Ua) Since a material balance is obtained, and no 
detectable amount of addition product was formed it follows, 
therefore, that no appreciable abstraction from toluene had 
taken place. The validity of this argument, however, 
does depend on the reasonable assumption that the 
addition reaction is irreversible under the reaction 
conditions. 

As disproportionation has been shown to be the 
major source of propane in the reaction of isopropyl 
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radicals in toluenes (similar to tert-butyl radicals) 
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a reexamination of the kinetic assumptions made by 
Pryor?” is once more necessary. A similar rate expre- 
Sion (15) can be derived for the appearance of propane 


and propane-2-d using the equations shown in Scheme 9; 


Leste d/ dt : k [Ar CH] f ko [RSH] 
ices DAydt) (Ren ERSDY kp [RSD] 


(Mectel ahh anand ‘ ky [C.H7°] 


z 15) 
ken lGaby. RSD] k pL RSD] 


N=nd tos SS OR Adio )-H + ) 


cage 
kg 


2 foal 6 ay =H + » 


ae 
aa 


(SCHEME 9) 


Tie, Vast ‘term in equation Tor ive arsproporcion- 
ation of the radicals out of the cage was ruled out on 
the basis of the observation that the absolute amount 
of olefin plus its addition product, did not change in 


reactions run with increasing thiol concentration. This 
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is a valid assumption which was also pointed out by 


Pryor.?” 


However the third term in the right hand side 
of equation 15, i.e., the cage disproportionation 
term, has now been found to be the major term even though 


oy, he 


it has been stated to be negligible by Pryor. 
Pemerease (O01 tert-butyl radicals; at wasethis in 
correct assumption that allowed Pryor to integrate the 
above expression and to use the integrated form to 

Obtain kinetic values for Ka Kop: 

All, or nearly all, of the propane formed in the 
reaction can be attributed to the cage disproportionation 
(after a correction for abstraction from thiophenol). 
Slce, the ratio of ate constants, Ka/Keop> obtained 
by determining the ratio of products, [C3HoJ/[C3H,D], 
varied in a systematic manner from substrate to substrate, 
as im the case of sve butyl, itiwas conciuded that 
the viscosity of the solvent was controlling the 
absolute amount of disproportionation, and hence the 
propane formed. Accordingly, a plots owe sotvent tigidtty. 
lviemyse lf/cage yield or l/lolefink.. cavesa nearly linear 
correlation (Figures 3 and 4). Furthermore, according 
to Noyes' model the fraction of the cage reaction which 
takes place in the cage should correlate with the 
hi tdi ty. ofutne solvents. ihus.)a cplotyef, the relative 
reactivity given in Table 19, uncorrected for dispro- 
portionation, but corrected for the thiophenol impurity 
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FIGURE 4. Plot of the fluidity, 1/n, of the solvents 
used vs. the cage efficiency, l/c, for the formation of 
the cage products formed in the photodecomposition of azo- 


isopropane with added PhSD (0.5 M). 
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the substrates (solvents) gave a relatively good correla- 
Enon (rigure. 5). 

The observed positive rho values for alkyl radicals 
have been interpreted by Zavitsas as being due to the elec- 
trophilic character of these radicals, i.e., due to the 
addition of radicals to the aromatic ring. However, 
when photodecompositions of AIP and AIB were carried 
out in toluenes and benzenes in the presence of thiol 
scavenger, no product of ringsaddition was detected 


(Tables 11 and 16). Furthermore the plot of fluidity, 


ie Ot arenes . vs: I/cage yield; was “similar to that 


obtained for the toluenes (see Table 20 and Figure 6). 
It should be pointed out that, even in the absence of 
thaolsethe ring addition jot ts0propy ioradicalsoto benzene 
(~6%), or toluene (~1.2%) is a minor pathway (see Table 
ls) 

twas clear at this stagemtnat the "results, of 
the photodecomposition of azoisopropane were very 


Similar to that. of the tert=-DUcy | -radica i. 


Viscosity Dependence of K glk: 


The photodecomposition of 2,2'-azoisobutane (0.1 M, 
90°) Was carried out in a variety of solvents which 
contained thiophenol (0.5 M). The viscosity of these 
solutions ranged from (0.5-808 cP). The products and 
material balance are listed in Table 16. 


Since the tert-butyl radicals generated in the 
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FIGURE 5. Plot of the apparent log (a tea corrected 
for abstraction from thiophenol, vs. 1/n for the photo- 


decomposition reaction of azoisopropane with added PhSD 


(Oe -50 4). 
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PEGURES 6a. Pilot of the: fluidity, i/n, of cne: solvent 
used vs. the cage efficiency, l/c, for the formation of 
the cage products formed in the photodecomposition of 


azoisopropane with added PhSH (0.5 M). 
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reaction have been shown? either to undergo cage 
termination reactions or to be scavenged by thiophenol, 
then combination and disproportionation products are 

the result of the reaction of geminate caged pairs. The 
relative rates of disproportionation vs. combination 

Oy, these pairs of tert-butyl] radicals are calculated 
fyomeathe product distribution and arexlisted in Table 
Zhe Ine Dreviouse interpre tati oneof the “factors which 
boncronrved the ratio of disproportionation.to combination, 
K lke was presented in the Introduction section. 

None of these explanation, with the exception of 
Fischer's model, could adequately rationalize the 
dependence of kK y/k. on the media. Fischer generated 
tere -butyd, vadical sebysphotokysis of di-tert-buty1 
ketone. He had previously shown 2! uSingiecarbon tetra- 
chloride as scavenger, that radical self termination was 


Only due to the reaction of encounter pairs (Scheme 10). 
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Fischer’ > 


developed an elegant collision model 

which accounts for the viscosity dependence of the 

ky/k. ratios. The model assumes that, while a great 
majority of the collisions of encounter pairs are unpro- 
euctives the distribution of product from the success — 
noi... product forming) reactions 15 controlled by 
rve anisotropic KTeorientation of the=radical’s which react 
in a newly formed solvent cage. 

A qualitative description of the model assigns 
Potential collision surfaces to a planar (or rapidly 
mverntwing Dymamidal) radical. “Figure.7 shows two 
prowectivonssA-and B of a-space*Tmlingsmodel, of a -tert- 
butyl radical with its nine hydrogen atoms (white 
spheres), three methyl carbon atoms (black), and the 
central carbon atom (striped). The axis denoted by || 
is the symmetry axis of the half-occupied p-orbital. 

The surface, depicted as an oblate ellipsoid can be 
pretuned as. having nonreactive. IN, zones (~90%) reacti Ver 
Cezones leading to combination (-52), “and neactive, «H. 
zones leading to disproportionation (~5%) (Figure 8). 
Reorientation of the radical, relative to the C zone of 
its reaction partner leads to either combination (CC con- 
figuration) or disproportionation (CH configuration) 
products, whereas, the CN configuration leads to no 
product (see Figure 8). According to this model 
reorientation about || axis affects only H and N zones 


and can only lead to disproportionation products. This 
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* 
BVGURE 7. Two projections of a space-filling model 


of a planar tert-butyl radical. 


* 
Taken from a drawing in reference 73. 
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FIGURE 8. Pair configurations of colliding tert- 


butyl] radicals. 
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reorientation process is not greatly affected by the 
solvent viscosity since only a minimal amount of solvent 
is displaced by this motion. Reorientation about | axis, 
which leads to combination products, is strongly coupled 
COP UNCreVUSCOS AC yi OF «thes medina iS Ges. because. tof. the 
Propose dyisihape. of the. nadiica lL. ibhis .mo tion. di Splaces..a 
maximum amount of solvent. The model predicts a linear 
relationship between kK g/ke and viscosity, as has been 
observed by Fischer.’> 

The data presented. in Tables 2). was. obtained.from 
Ceminahel yy tonmed tert-butyl radicals and that of 
Fischer was obtained from encounter pairs (Table 9). 
The possible differences between the reaction of en- 
counter and geminate pairs have been discussed .in terms 
Ona pe Views le ghraic.T OisSa: 

The stereochemistry or relative orientation of one 
Wadi.c als sti. the othe ry has, Deen wonsi dered. 

Kopecky and Gillan®? and Sree have in- 
dependently shown that in the decomposition of opti- 
cally active azoalkanes, such as, (~-)-(S)-1,1'- 
diphenyl-1l-methylazomethane and SS-(-)-1,1'-dipheny]- 
azoethane, some retention of configuration does attend 
the geminate combination of the a-phenylethyl radical 
with itself or with neighboring benzyl radicals. The 
analysis of the products, gave the ratio of the rotational 


to the rate constant for combination, 
85 
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The observation that some geometric memory is maintained, 
Gleaninn demonstrates, uoha Getor hese suadicaks at, east, 
encounters: leading .to. products, donot have a random 
Orientation. 

These results suggested that, the caged pair should 
behave differently from the colliding pair. .,.The same 
conclusion was drawn by Bartlett and ee ick based on 
the experimental evidence which showed K lk. in the 
Solid phase for 2-phenyl-3-methy1l-2-butyl and cumyl] 
radicals to be considerably different from the results 
ebitained.an, sodution, 

The radicals produced in photochemical reaction 
possess excess energy which must equilibrate thermally 
Ppethe ness time: PpriormtOe Vedct lon pags or Ggeminate 
Gage raqicals. Since there sel ecsa times too dissipate 
the excess energy, it is expected that there could be 
some difference in the kK g/ke ratios obtained from 
geminate and encounter radical pairs. However identical 
kK g/ke values have been obtained for both cage and 
bulk products produced from the decomposition of azo- 


92 and ethyl radicals.08 


cumene ,°° azocyclohexane 
These observations have shown that K Gl ke ratios are 
independent of the excess energy possessed by these 


radicals, at thes instants of formation. 
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Differences in the ratios of combination/dispropor- 
tionation associated with the spin multiplicity of ‘the 
radical? pairs ‘have not) been observed. 

Only the first of these factors can be important 
in the analysis of the solution phase reactions of 
tertiary butyl radicals occurring between both encounter 
and geminate pairs, if Fischer's model (which has been 
eerrected statistical ly*forespin) tis used evand  thethe 
photodecomposition of 2,2'-azoisobutane proceeds by 
thermal decomposition subsequent to photochemical iso- 


; ‘ : Rect 94 
merization of the trans—azo cOmpound to its cis—isomer. 


iN pte gee 
N=N° ———» N=N- ——» 2R° +N, (16) 


AzOalkanes Can"ex1Tst Tn etther the Cis or trans 
Conti giuration,-but conversion oi ones form to the other. 


when both groups are alkyl, can generally be effected 
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photochemically. An exception to this generaliza- 


tion of bridgehead azoalkanes. For example trans-di- 


l-adamtyldiazene and trans-di-1l-norbornyldiazene were 


d ae 94¢ 
thermally isomerized to the corresponding cis isomers. 
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It has also been shown when one or both groups are 


aryl, thermal isomerization of ers to crans. 15 1 cdcuse 
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process. The cis isomer of AIB is very unstable and 


therefore difficult to isolate and has been prepared 


in situ by irradiation of the trans a OnerieS 
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ine meas 
isomer of AIP, likewise, was prepared by photolysis 
of the trans isomer, however, it was stable and could 
be isolated using GLC. 

As previously observed by Tanner et aie for whe 
AIB/PhSD system, a linear relationship between the 
Puidity of the solvent, 1/m, and the cage efficiency, 
l/c, of the radicals was obtained over the range of 
viscosities covered by the study carried out in solvent 


toluenes ('0.5-3.5 ie 


However, at.very high 
viscosities (12.6-808 cP) some deviation from this be- 
havior is observed (Figure 9 ). 

Photodecomposition of AIP in the presence of 
thiophenol in solvents with viscosities ranging from 
(0.5-=43.8 cP) also showed a viscosi Gye dependence of 
eacewefriciency, 1/c vse Mtluidigyvel ayn.) (see uigupe (a): 
Non-linearity at very high viscosity is evident in this 
System as well. Deviation from linearity in the plot 
Gtelfervs. V/n., abt low viscosities has ‘been observed 
in many re ence | The upward curvature at low 
Viscosity, in the photodissociatian of coqineme was 
greater than that predicted by Noyes' model, in spite 


2 
of calculations which included the (1/n)~ term. 


Koenig 99 showed that the square-root of fluidity, 
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correlated with the reciprocal of cage efficiency in 
decomposition of acetyl peroxide. He also observed a 
strong upward curvature at low viscosity in this system. 
In the decomposition of di-tert-butyl peroxyoxalate, 
in solvents with a viscosity ranging from 0.2-80 cP, a 
plot of the reciprocal of the di-tert-butyl peroxide 
Uaeta, Versus thesiluidity of the solvents gave a 
Sigmoid avis oe [In this-system, thes nigh Viscous 
solvents were obtained by dissolving different quantities 
Oranujol in hydrocarbon solvents such as isooctane. 


97¢ has argued that this type of observation is a 


Szwarc 
reflection of the type of solvents used and the correla- 
tion of the experimental data with one or another power 
of viscosity is not a very powerful argument for any 
particular.model’.. It is, therefore, concluded that 

at present time there is no model, which can adequately 
explain the downward or the upward curvature in a plot 
of the cage efficiency versus the fluidity of the 
solvents. 

A comparison between the effect of viscosity upon 
the disproportionation-combination ratio observed for 
encounter sae © and geminate pairs of tertiary butyl 
Padwealisnwisseehi Na biigube LOc ue Lhe k g/k. values, 
at 30° for encounter pairs, were obtained by extrapola- 
tion, from the plot of the reported K fk. ratios versus 


temperature. Over the range of ViISCOS HEV, U5 40. 00 1c Uu 
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n(cP) 


FIGURE 10- 


FIGURE 10 . Plot of the ratio of cage disproportionation 
te,combinationiraterconstant, ky/kos as a function of 
solvent viscosity nN. (The open symbols O, D, correspond 
to the points listed in Table 21 for the photodecomposi- 
tion of 2,2'-azoisobutane. The closed circles, @, are 
the values taken from ref. 73 (extrapolated to 30°) 
obtained for the photodecomposition of di-tert-butyl 
ketone in the solvent listed: Ces n-octane; Cio: n- 
decane; Cio» n-dodecane; Cig? n-tetradecane; ee. n- 


hexadecane; ROH, (1/2) (CH3)COH/((CH3),COH), )- 
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cP, the viscosity dependence of the K yf ke ratios 
found for the encounter*pairs is almost identical to 
those obtained in this study of the reaction of geminate 
pairs. The similarity between the values obtained 

at low viscosities suggests that the tert-butyl 
radical pairs generated from the azo photolysis are 
formed with sufficient rotational energy to appear to 
be randomly oriented. The products from the reaction 
Ofte theseegeminate pairsvarercontrodleds, (asi ares the 
products from the encounter pairs, by anisotropic: re- 
Orientation. 

There is a marked deviation from linearity of 
Fischer's value for kK g/ke VS. 1) Obtained for reactions 
Garrred out in 122) mixtures Eo = 27.6) of tert-butyl 
alcohol/pinacol (Figure 10, ROH, @). The termination 
rave constant (2 k,) for tert-butyl redicals i 
alcoholic solvents was found to be a non-linear function 
of both the reciprocal temperature (1/T) and the tempera- 
ture fluidity relationship (T/n). The deviation 
from the predicted value was attributed, by Fischer to 
the nonlinear relationship observed between macro- 
SCODIeG VISCOSIty and the motion of. tne Sitar cert-puty 
macicars in alcoholic sou vents. “"HOWeVer. 1 0r ne- 
arconolte solvents such as nydrocarbons,. cz Ky was 
shown to be a linear function of both (1/T) and (T/n). 


Over the range of Viscosities from 12-808 cP the ratio 


7 ara yi aft! ho ap 


pt aabanene sé ante ee 2nteo sab wee 
s250i860 to falskasey ig + vaadere EN 
psheardoe 2hehev oft noses aa gre 

ies vi~t pas aid Paes cranende sansncen 

et) hong ord, Bae , ustenaase 

songan oc sasny | uate for reseanaie sl 

DF} 89° iY most 27 50bass anf sexes 


247 avs @2@ oboatior? nes Spi 2yéq., 


inc (Hh .25 beg Veredeeee ene! oto 


ryseury mor? >it * ae 
1? peeheide 5 ae SPiyt at avlav ove 
ivsed-t7st to: (e. Vas oF) peqty te: auf nt igo be 
ten timar s0T i) Mogi eal) fagiara\ ot t 
niteteg tok "si dvapiad ie Si) teen03 - 
20Ut Yoedt inom) sad ee balint: aah adunerlae sf lone; a 
st aus ene (7b) shut eaeeted- apres 2 ave 
oft si weak OMT “PAVED ibibetiel as yt totult ssid : 

as 1e2ks ud  tboreth ae 2 aviav SetaTbarg off wat © 
| O7155% Agyeted peyisede ‘dt Cang-ire fae ins tea 
(fud-J/eg? FF ims a7?) Iu, oft fom sad hae yr tasvety a 
-oy 7% ,VaveHOH. apenay fer ‘sttpapete pt re 


cow tS end ssereyt ce aes xinavtoa ar tonafa 


CANT) tie -tY 9 viet ime Wort aque ‘seenrt qd oF, myh pL 
OtSeY afd 95 O08+ET- mages ast engeai. to sytney nna ‘s9v0 me 


ie Deter ei 


ui 


oy 


ile 
ax 


I 


141 


of termination constants does not increase significantly 
(Figure 1Os*pts. °7-12)f2and We appears “that ‘the free 
reorientation model fails to predict the value of 

K yf ke: The kinetic behavior of the geminate pairs in 
the very viscous solvents suggests that a random array 
of collisional orientations is not available to the 
radical pairs at birth. Altnough anisotropic reorienta- 
tron “must affect “the ratio of "rate constants vin “the 

more viscous media, the non-random orientation of the 
radicals upon formation appears to be more biased to- 


wards a relatively larger amount of combination (Scheme 


Tay: ites 


(SCHEME: 11) 
In order to support this explanation, the photo- 
decomposition of AIB was carried out in mixed alcohols, 
1:2, tert-butyl alcohol/pinacol with and without added 


tniophenol) (Figure. 10, pt» .cuand 13)... Underrtnese 


fet 


eiFaoort tages scuRyoni Poe ‘Jeqhm 
a5nt ond Torts a7e2g99 it. baw, 4 : 
eo sy lev old Fa heSE ett i 

nt gyieqg sien tuso: Shy FO: stl aglcat 
vorrd wotned GOSH 2heggeue stnevies audsaty.¢ 
odd O68 StHaWheens Ge ee eno hreingane Danotzt 
aes ranedo2 ths Towa fA Nee entenh 
ehaeseatn vier ty Oita ade’ 3 Le 
y to nay sae: ropes qian i200 (er hee « 
-ot bazsid anew $4.6) SYeRgie ott smerot «roel 
(dwos Yo Seton wagte? qheyt 


ay 
va 


Fr vii 


=? ‘Sy AP ve 
bebbs Juoditw tan 42 bw aise righ ‘Mik mon ats 


Seqny +5000 wes baa 6 ois a simtat ~ ng 


’ nee ‘HegKI2 | 
-oaenq ptt inet aphenae 2rn3 bis i vty 


1a, ee, 


conditions ~80% of the combination-disproportionation 
reaction ‘can be estimated (Table 21," pt.. 8 «and? 1'3')) to 
occur within the cage, while <20% of the products would 
arise from cage escape radicals. The major difference 
between the reactions reported by tecret GRitgiires=1 1%, 
pt.) ROH, @): and the cage reaction (Figure 10, pt. 13) 
is that the products are formed from oriented geminate 
Wada Ga lsieci"je.. the ‘ratio of 'ratetconstants agrees with 
the values predicted for the other highly viscous 
Solvents and deviates markedly from the value obtained 


from the reaction of encounter pairs. 


Our results clearly demonstrate that in low viscous 


Somvents:, Tert—=buty! ‘radicals ‘generated by *photo- 
decomposition of azoisobutane (geminate pairs) have 
enough rotational energy that they are randomly 
Oriented aS encounter pairs. This fact is reflected 
in the similarity of kK g/k. for geminate and encounter 
Vere =binv ys radarcell's..: sHoweNe i) Kopecky>> and Greene's 
findings on the thermolysis of the optically active 
azo compound (1,1'-diphenyl-l-methylazomethane) show 
that some memory may remain in the aSymmetric radical 
after its formation (k,/k. = 16), i.e., a-phenylethy! 
radicals are not completely randomly oriented. It is 
speculated that the method of optical activity measure- 


ment is more sensitive and one can measure such a smal] 


difference between rotation and combination. However 
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we would not be able to detect this difference by 
measuring the disproportionation-combination ratio, 
Since this small difference (1/16) would not have 
changed k4/k. Significantly. More likely this difference 
between our system and Kopecky and Greene's systems 
Could be explained by considering that) She tert-butyl 
radical is a smaller molecule than a-phenylethyl radical 
and probably, can randomly be reoriented much more easily. 

Disproportionation-combination ratios were also 
measured for isopropyl radicals in solvents with 
Mmiscosities ranging from (025-4328. cP), (lablemcd 
Since isopropyl radicals are generated from azoiso- 
propane, the values of Ky /k. ine fables? 19° and .20 
represent disproportionation-combination ratios for 
geminate radical pairs. No values of KALE are availa- 
ble for this radical obtained from encounter pairs. 
Disproportionation-combination ratios increase with 
increasing viscosity of the solvent (Figure Ils). how- 
ever, the change in K fk 1S*not as. pronouncedeas ef ormthe 
Toru yin radical. 

The shape of i1sopropy! radical isgnot spherical 
(Figure 12). This Figure shows two projections 
A andw@e of a’ space filling model of anjisopropy,) 
radical with its seven hydrogen atoms (white spheres), 
two methyl carbon atoms Cores and the central carbon 


(striped). The axis denoted by || is the symmetry axis 
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FIGURE12. Two projections of a space-filling model of the 


isopropyl radicals. 
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of the half-occupied p-orbital. 

Because of the shape of the isopropyl radical, the 
motion about the two perpendicular axes (|.,|,) are not 
equivalent. The perpendicular motion about a axis is 
more hindered than the motion about I, axis (the perpen- 
dicular motion about de axis for isopropyl radical is 
Similar to the perpendicular motions about | axes for 
tert-butyl radical). Since only motions about the | axes 
lead to combination product, it would be expected that 
the rate of combination for isopropyl radicals in- 
creases relative to tert-butyl radicals. However, 
reorientation about the || axis appears to be hindered 
compared to the symmetrical tert-butyl radical and 
Since this motion leads to disproportionation product, 
the relative ratios of kK y/ kos as a function of vis- 
cosity of the media would be predicted, to be smaller 
than that observed. for the tert=—buty! radical.** This 
crude approximation has been substantiated by the 
haet seat kK g/ke ratios for ‘tert-butyl radical changed 
iim@endene (n°-° = 0.58 cP) from 5:0 to 7/2 in di-phenyl- 
ether ao = 3.07 cP), approximately 45% change (Table 
21). However, for isopropyl radical k y/k. ratios 
changed ‘from 1.2 in benzene’ to 1.44 in ‘di-phenylether, 
approximately ~20% change (Table 20). 

The difference between cumyl radicals which couple 
to an extent of 94% and tert-butyl radicals, which 


disproportionate about 80% of the time, is still an 


om an 
aad “tegthen 4 yar rae yet, one Te egies 8 yuh? 
ton one fyb eid 23944 seluothhey tag ee ad 
st 2fx6 a2 sods woTetan Te stlinagtta st oer. 
nee4ed ond oe at “suats votsan odd vals a 
athe Tegongaet yor et eh ok nian mappa ami val 
exe | taad hoes OM isi woth Rag teg ri of: ie oo 
cx | ald syste anovion eine Som’ qi henraam tae - 
faid hHsesioecKs id bivew Ff jSo03o%"0 wed te : 
feniitey fugorega? yet, aetee 
seo. .theatees fyhet-aege ee avez 
baerahita ad 23.2 eeqgs ten () aaa 2uows ponsesast 
| ree feotban f fugue ia Pont rg aaatice ‘oat 07 bss 
ibn: lh ba ie ial of ehest irottom 2 
at hs Wars yw gd Big nag yt Ro sotdoh wi tute? 
1 84 2 ad 1S otis tatbat ‘oe ‘biuox ston odd to'"y te 
2 0 be béD i vewd~ jst _ “oy pavagide 168S nei 
at) <a Pee hi ‘heed bd! ret satkorqae: F sbur9 
apneAs Toofben bnuigaed GON dalien Sta al 
= lyase eat: oF S,% of ae meen "(3° $2.0 = Me snornag. a? sc" 
efd5t) sirens “ep visdeniicneads (9 WE = Ey a 2) 
_» 95a Ss) j™ Vin + \Vevbbas '¥genqent 40? prerer's Bart 
Vaiistensig-th af hs. 7 ot suexnedont a J ogy? t ait. 
8S afdet.) soul, som etavoat gw | 
- atqugs, HItAw: zhao NOS pone eam 8 th a oo 


a Lge > : 
Pe | 
Wake ,2isarther ype ae 2 


tte (2? amd ohe yo § 08 sind ae 
- a 7 i - 


63 tried to rationalize 


anomaly .°° Nelsen and Bartlett 
this difference by invoking the delocalization of the 
odd electron in the cumyl radical. It was suggested 
that perhaps this delocalization diminishes the impor- 
tance ot Nyperconjucatvonein’the™ transition’ state for 
disproportionation. However, one might expect a 
lowering of the coupling rate for the same cause. 
For tnis reason the change in the K G/ke FatiosHon 
going from tert-butyl to cumyl radical could not be 
predicted. Further) comparison of the kK g/ke Ratio ft 
our results’for*isopropy | “radtealts ’ (<Te2rinvbenzene) to 
k y/k. ratio ror cumyl “radicalse(-0.06¥in benzene)’ 
elearay=shows that’ there is more than a Statistical factor 
(number of B-H), which controls the disproportionation- 
cCombinatron Fatiow Sincembotnyisoprooytiradical and 
cumyl radical have 6 8-Hs. 

It is clear that more research iS necessary to 
find-out the*faetor or=factorshthati mi ght) tnfluence 
the absolute values of K y/ke ratios for different 


radtCals. 
Conclusion 


Thesamportance> of polareettectseinwtrecemadical 
reactions from substituted alkanes has been repeatedly 
feteue Upateds -P Thessuggestion thatvtneses effects 


may be interpreted as being governed solely by the 
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eTrecteof The, suostituents on, the bond strength: of the 
bonds made and broken, AH, can not accommodate the 
experimental AAS 1g@.,.bne, reversal.of isomer 
distriputjon patterns found, for, the. reactions.of.di f- 
ferentopolay radicals.on avparticulanr,substrater 

The demonstrated nonlinearity of the correlation 
between AH and p.(all negative po values) obtained for 
peuzyvanc ny drogen abStractlon .tuiessoutsa the .bondadis-— 
sociation energy as being the major contributing 
Fagwoe OS The demonstration that nucleophilc radicals 
can give a positive p value would further substantiate 
the importance of polar effects in governing the reac- 
CivitvcoOt «these radicals. 

The positive o value reported for the ee 
radical has been questioned by Zavitsas. 

The positive p values reported for tert-butyl and 


46 
aoe have been shown by Tanner et al. 


isopropyl radicals 
and this work, to either show no correlation (BPP de- 
composition) or to be an artifact of an experimentally 
observed cage disproportionation reaction (AIB and AIP 
decompositions). The relatively selective tert-butyl 
and isopropyl radicals do not abstract hydrogen from 
solvent toluene (8-6 M) in competition with abstraction 


of deuterium from thiophenol-d at concentrations ranging 


from 0.6 to 3 M (for tert-butyl) and 0.5 M (for iso- 
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propyl). At lower concentrations of thiophenol-d 

(~0.1 M) the reaction begins to be measurably competi- 
tive (see Table 12 for isopropyl); however, the concen- 
tration of thiophenol-d cannot be approximated as 
constant and the kinetic expression could not be 
evaluated in the manner used. 

lt"seems doubtful<that Vanysauthentitic positives 
values have, as yet, been reported for benzylic hydrogen 
eoSteacuronsY'MOSt * kikel YethisSeistdae totthe 
small difference between electronegativity of the 
carbon-centered radicals and the substrate benzylic 
carbon, while the absence of any correlation (zero or 
very small positive or negative values) attests to the 
Small effect of small changes in BDEs. However 
pOSitivesrhouvalvues are observed! | in halogen atom 
transfer reactions which have been used as models for 
hydrogensatometransfers i Thisectassnofasubstituent 
effects has been demonstrated in free radical chain 
reactronnof the*reduct#¥on) ofebenzyil i halidessbyotriene 
butylstannane. 

The variation of disproportionation-combination 
Vatvoceow alkyl! radicals, aS d.result,Of cCaneying Our 
the reactions, in different solvents were discussed. 
Possible factors which might influence this ratio were 
considered. It was originally thought that dispro- 


portionation and combination have different activation 
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energies Since the ratio of k glk was temperature 
dependent. It was subsequently slots that this in- 
terpretation was not valid since it was found that the 

K fk. Yatio Was a Tunction of Viscosity of othe medium 
which was in turn being affected by temperature. The in- 


ternal pressure argument, developed by Stefani + ?°8 has been 


meeiiened. Ory recently Fischer=s collision mode 
unambiguously defined the viscosity dependence of K g/ ke 
for tert-butyl radicals obtained from encounter pairs. 
Fischer Suggests that this model could be applied ‘to 
other radicals. 

Generation of geminate tert-butyl radical pairs 
by photolysis of 2,2'-azoisobutane (this work) and 
meaSurement of kK y/k demonstrated that at low viscosity, 
Fischer's model can be applied to geminate radical 
pairs. However at higher viscosities, deviation from 
Fischer's model was attributed to the geometry of the 
badmeay at Dirtn: 

Using Fischer's collision model, it was possible 
to rationalize the results of kK g/ke ratios obtained for 


isopropyl radicals (geminate pair) in different solvents. 
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EXPERIMENTAL 
Materials. 


All solvents were purified before use. n-Heptane 
(MC & B Co.) and. tetradecane. (Aldrich ChemicalwCot) 
were washed.several. times in succession with concentrated 
Sulfuric acid, 10% aqueous sodium bicarbonate, and 
distilled water. The solvents were dried over anhydrous 
magnesium sulfate and fractionally distilled through a 
column packed with glass helices. GLC analysis (20 ft. 

x 1/8 wilins 21.0% .0F-1,con 80-100 Ghryomosonb hWAW=]DMCS ,aglass 
column) showed that they were >99.5% pure. 

Toluene, p-xylene (Phillips 66 research grade >99.9%) 
and chlorobenzene (Aldrich Chemical Co.) were fraction- 
ally distilled through a column packed with glass helices 
and shown by GLC (QF-1 column) to be >99.9% pure. 

m-Xylene (Phillips 66, >95%) was fractionally distilled 
using a 24-in. Teflon spinning band and shown by GLC to 
be.>997 pure. 

Benzonitrile (BDH) benzene (Fisher Scientific 
Co.), diphenyl ether, p-cyanotoluene, m-chlorotoluene and 
p-chlorotoluene (Aldrich Chemical Co.) were purified by 
repeated low temperature fractional recrystallization, 
fractionallyedistilled andpehecked forcpurdty }y 99582, 
by GLC (QF-1 column). 

The paraffin oils (MC & B and BDH) were heated 
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low boiling hydrocarbons. The paraffin oi11S were also 
checked for olefin impurities; since no color was 
observed on treatment with concentrated sulfuric acid, 
they were used without further purification. 

Fluorolube oil was heated to 180° at 0.5 mm for 48 h 
and used without further purification. 

tert-Butyl] alcohol (Fisher Scientific Co.) and 
pinacol (Fluka) were fractionally distilled and checked 
for puweriys 29949% sabyaGbCeG20mht. x7h/S8aHin. LO2.Garbowax 
20 M on 60-80 mesh Chromosorb WAW DMCS, glass column). 

p-Phenoxytoluene was prepared using the Ullmann 


10] and purified by fractional distillation 
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ether synthesis 
Wop. f1,03- 105° seat 245 cme bathe bps? dae 7G e845. 55mm) |. 


NMR (CCl Ce cr ODS. ash. -CH3), 8.0-8.65 (m, 9H, aro- 


4) 
matic). The GLC analysis (QF-1 column) showed this com- 
pound to be >99.7% pure. 

Thiophenol (Aldrich Chemical Co.) was fractionally 
distilled and shown to be >99.5% pure by GLC (Carbowax 
Column). 

Isobutane, isobutylene, propane, propylene, 2,3-di- 
methylbutane (Phillips research grade) and 2,2,3,3-tetra- 
methylbutane (Aldrich Chemical Co.) were used without 
fupsnerypurification. 

Thiophenol-d was prepared as described by Pryor 
and eee by shaking thiophenol (previously distilled) 
with D,0 (Merck, Sharp and Dohme, Canada, >99.8% D) 


eight separate times. The thiophenol-d was dried 
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Over anhydrous magnesium sulfate, decanted, and frac- 
tionally distilled under nitrogen (bp. 52°, 12 mm). The 
thiophenol-d was stored in sealed vials in 0.5 ml quan- 
tities over D0 (1 drop in each vial). The NMR spectrum 
of the purified thiol Showed it to be more than 97% 
deuterated. 

AIB and AIP were prepared by the method of Stowell. !7¢ 
The azo compounds were fractionally distilled using a 24- 
Wen Hhe TON ySPinnang,-band .colLumnce ~AIB-sibp.) 1,06-107° (690 
mm); NMR (CDC1,) Cuma? (esas C(CH3)3);3 UV (CEH) r 370 nm 


max 
103 j09-110);!94 etc analysis 


fer 2.6.)4) x lit yibp 4498 -.1,0.9., 
(Carbowax column) showed this compound to be 99.5% pure. 
AIP [bp. 85° (690 mm); NMR (CDC1,) Opel e2ailec.: Fly Fn x 45) tHizs, 


GH) ta anid’ ed) Si: 5a y(Seip-tests,| J. = fon baa zea YH cUV (CeHe) wT 
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GLC analysis using the Carbowax column showed this 
Compound to be >98% pure. The main impurity was pen- 
tane, used as a solvent in the preparation of AIP. 

Isopropyl hydrazone was prepared by the method of 
loffe:’' bp. 125-126° (690 mm); NMR (CDC1,) 61.12 (4, 
OH eam 2 6 SUH ZNO one 1S5yl Ouse leon Sao Sher mo wom cep ue ty 
Pee See Ho. ud be becoad Maas Inte ckeambapes) 2208 
(772 mm)]. 

Isobutyl and propyl phenyl sulfide were prepared 
according to the method of Svanitenacka | Isobutyl phenyl] 
sulfide. [bp.. 100-102° (11: mm). NMR (CDCI 3) dy ts Ody Gade 
GH) ed) Fy 15519 br HZ, CH3), LeBi6. (otnesee whtssw Hl =22y) Pe2ece7 Oe v(ede,z e2He, 
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JeSchea7d Hz; CH.), 7, 390m, poh? tarvomagtie).)+sandapropoy! 
phenyl sufide [bp. 79° (5 mm); NMR (CDC13) 6 keO2 uty 
Cen UPStPSH2S) 9s. War ody ene torches thz) .r22940(t{ I2n6 
de] 7PHZ), 7282) (me SH earomatie ) 4. 
Isobutyl benzene was prepared by the Clemmensen! 28 
reduction of isobutyrophenone [bp. 165° (690 mm), NMR 
(CDC13) oO 28 (deSGHIPUeSrothzae Iveseti, WHaad = 6+ Hz)" 
p-Cyano-tert-butylbenzene was prepared by dehydra- 
tion of the corresponding amide using phosphorus 
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pentoxide [bp. 85-86° (6 mm), NMR (CDC1.) Sul teers... 


9H) and 7.58 (m, 4H, aromatic)], litho 


bp .cge2eds 3k 
(21 mm). 

The reactions were carried out in 20-mL Pyrex tubes 
equipped with break-seals. Prior to the photolysis all 
the tubes were washed successively with chromic acid, 
water, concentrated ammonium hydroxide, distilled water 
and dried. '*For the Weact ions torbewcarni od: out 2 nifthe 
presence of thiophenol-d, the tubes were treated with 


Several milbinitvters of D,0, heated to reflux for several 


minutes and dried again overnight. 
Photodecomposition of AIP in the Presence of PhSD. 


Solutions of AIP and thiophenol-d were weighed 
into a volumetric flask and the materials were dissolved 
in “the “appropriate toluene to give’ the de's ired ‘concen- 
trations. An aliquot of the solution was transferred 


to the Pyrex reaction vessel, degassed by four freeze-thaw 
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cycles, and sealed. The portion of the the vessel 

above the liquid was covered with foil, and the vessel 
was placed in a Rayonet photochemical reactor (3500-A 

Bm Vamps) and irradiated ftore20 h (30°). ‘The reaction 
vessel was connected to the vacuum line (A) shown in 
Figure 13, frozen (-198°) and opened. The noncondensable 
gases were passed through three traps D, E and F (-198°), 
and measured with the aid of a Toepler pump (G) using 

a calibrated volume and a transit to read the mercury 
levels. A sample of the gas collected was subjected 

to mass spectral analysis and was shown to contain Ho > 
HD and Do. The relative amounts of the isotopic hydro- 
gen and nitrogen were determined by vacuum line GLC 

(I) using a Cow Mac TR-TH thermal conductivity GLC 
fitted with a'l0 ft. x9 1/4 in “aevivaetedsmolecular sieve 
boom olass column7(H)) atn0ge ead on ras used as’ a carnier 
gas. The relative areas were determined using a HP- 
3380 A integrator. No attempt was made to separate the 
hydrogen isotopes. 

The solution remaining in the reaction vessel was 
distilled through two -130° traps (D), and (E) (pentane/ 
liquid nitrogen) into a trap at -198° (liquid 
nitrogen). The condensable gases, Cah; C3HD and 
C3He, were collected and their total absolute amount 
was measured using the Toepler pump. The relative 
amounts were determined by vacuum line GLC (1) ftceds 


with a 3 ft. x 1/4 in. activated alumina, glass column, 
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20°. The condensable gases were sealed in break-seals 
and submitted for mass spectral analysis. The 
residual reaction mixture was transferred back into 
the reaction vessel by warming traps (D) and (E) and 
cooling the original reaction vessel to -198°. After 
removing the reaction vessel from the vacuum line, a 
Known amount of standard (nonane, decane, undecane, 
dodecane or hexadecane) was added to the mixture and 
the mixture was subjected to GLC analysis (QF-1 and 
Carbowax columns). 

The products, 2,3-dimethylbutane and phenyl 
propyl-2-d sulfide, were identified by comparing their 
mass spectral cracking patterns and their GLC reten- 
tion times with those of authentic samples (the reten- 
tion time of the nondeuterated sulfide was used for that 
of the deuterated material). The mass spectrum of the 
Synthesized sulfide showed a parent peak at m/e 152 
(CoH, 5S) and no detectable fragmentation at m/e 151. 
The sulfide obtained from the reaction mixture showed 
a parent ion at m/e 153 (CgH,,DS) and an ion at m/e 152 
(CoH, 5S). The m/e 152/153 was about 20%. The re- 
maining azoisopropane and isopropyl hydrazone, (the 
rearrangement product from the azo compound) were 
identified by a comparison of their GC/IR and GLC reten- 
tion times with those of authentic samples. It was 
shown by direct injection of azoisopropane into the 


GLC system that no rearrangement took place and that 
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the azo compound did not decompose during GLC analysis. 
The results of a representative number of these analyses 


are listed in Table 10. 
Photodecomposition of AIP in the Presence of PhSH. 


Samples of AIP and thiophenol were weighed into a 
volumetric flask and the materials were dissolved in the 
appropriate solvent to give the desired concentration. 

An aliquot of the solution was transferred to the 

Pyrex reaction vessel, degassed by the freeze-thaw 

method, and sealed. The samples were irradiated as be- 
fore for 20 0h. e(30°) Lo The reaction vessel was tconnected to 
the vacuum line at (A), (see Fig. 13) and the gaseous products 
were analyzed as before. A sample of the noncondensable 
gases collected was subjected to mass spectral analysis 
and was shown to contain hydrogen. The relative amounts 
of hydrogen and nitrogen were determined as previously 
described. The solution remaining in the reaction 

vessel was distilled through two -130° (D), and (E) 

traps into a trap (F) at -198°. The condensable gases 
C3He and C3H_e were collected and their total absolute 
amount was measured in the Toepler pump (G). Their 
relative amounts were then determined by vacuum line 

GLC (1) using the activated alumina column. For the 
reactions which were carried out in highly viscous 


solvents such as Nujol, it was necessary to warm up the 
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reaction vessel to. .~50°%.-to makeesure that .all «the 
propane and propene have been distilled. Propane and 
propene were identified by a comparison of their mass 
spectral cracking pattern and their GLC retention times 
with those of authentic samples. 

The residual reaction mixture was transferred 
back into the reaction vessel by warming the traps (D) 
and (E) to room temperature and cooling the reaction 
vessel to -198°. After removing the reaction vessel from 
the vacuum line, a known amount of standard (nonane, 
decane, undecane, or hexadecane) was added and the mix- 
ture was subjected to GLC analysis (QF-1 or Carbowax 
column). 

The remaining products, 2,3-dimethylbutane, iso- 
propyl hydrazone and the unreacted azoisopropane were 
identified as before. Phenyl propyl sulfide was identified 
by its mass spectral cracking pattern and its GLC re- 
tention time compared with that of an authentic sample. 
The results of a representative number of these analy- 


sts are listed in Table 11. 
Photodecomposition of AIP in Benzene. 


The reaction of AIP in benzene was carried out and 
gaseous products were analyzed in the manner described 
above. The remaining material was condensed back into 


the reaction vessel and removed from the vacuum line. 
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A known amount of standard (dodecane or hexadecane) was 
added to the mixture and the mixture was subjected to 
GLC analysis, (Carbowax column). 

The remaining products, 2,3-dimethylbutane, a smal] 
amount of isopropylhydrazone and unreacted AIP were 
identified as previously described. The GLC analysis 
Showed the presence of another peak which accounted 
FOr >26Z+0T* the’ isopropyl) radicalseproduced: oThis product 
was identified as isopropyl benzene by comparing its 
IR spectrum, mass spectral cracking pattern and GLC re- 
tention time with an authentic sample. The GLC analy- 
Sis also showed the presence of >7 products (~12%) which 
were not identified. The results of a representative 


number of these analyses are listed in Table 13. 
Photodecomposition of AIP in Toluene. 


Thesréeactaoneof AlPeinhtotuene was? carried outeand 
analyzed in the same manner as described for the AIP 
decomposition in benzene. The GLC analysis (Carbowax 
column) of the solution showed the presence of 2,3- 
dimethylbutane, small amount of isopropyl hydrazone and 
unreacted AIP. These products were identified as before. 
One of the (>11) minor products (~6%) formed was 
identified as isobutylbenzene by comparing its IR spectra 
and GLC retention time with that of authentic sample. 


Subsequently, it was shown, by the use of GLC capillary 
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column chromatography, (50 m x 0.02 mm methyl silicon 
fluid, SP-2100, Carbowax 20 m deactivated, 50°) that 
this compound contained two other products (~1%). The 
products were tentatively identified (GLC retention time) 
as p-isopropyl toluene and o-isopropyl toluene. Along 
with these products, bibenzyl (4.4%) was formed. This 
compound was identified by its mass spectral cracking 
pattern, IR spectrum (GC/IR) and GLC retention time 
compared with an authentic sample. The results of a 
representative number of these analyses are listed in 
Table 13. 

No attempt was made to quantitatively determine 
the amounts of phenyl disulfide and diphenyl sulfide 
obtained in the reactions carried out in the presence 
of thiophenol. The products, 2-methylpentane, 4- 
methyl-l-pentene and 4-methyl-2-pentene, that were 
likely to be formed in the reaction of isopropyl radi- 
cals and propene, were specifically searched for (GLC) 


and were found to be undetectable. 


Photodecomposition of AIB in the Presence of PhSH. 


Solutions of AIB and thiophenol were weighed into 
a volumetric flask and the materials were dissolved in 
the appropriate solvent to give the desired concentration. 
An aliquot of the solution was transferred to a Pyrex 


reaction vessel, degassed by the freeze-thaw method 
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(three times), and sealed. The portion of the vessel 
above the liquid was covered with foil, and the vessel 
was placed into a Rayonet photochemical reactor (3500 A 
BL lamps) and irradiated for 14 hr (30°). The reaction 
vessel was connected to the vacuum line at (A) (see Fig. 13), 
frozen (-198°) and opened. The noncondensable gases were 
measured as previously described. A -sample of the gas 
collected was subjected to mass spectral analysis and 
was shown to contain a negligible amount of hydrogen. 
The solution remaining in the reaction vessel 
Was dist1iried*through two -78 “traps (Dye and “(by using 
dry ice acetone) into a trap at -198° (liquid nitrogen). 
However, for the reactions which were carried out in 
Solvent n-heptane, it was necessary to use two traps 
at -110° (isobutyl alcohol/liguid nitrogen) instead 
of -78°, in order to prevent the co-distillation 
of the solvent. The condensable gases, isobutane and 
isobutylene were collected and their total absolute 
amount was meaSured using the Toepler pump. The rela- 
tive amounts were determined by vacuum line GLC (1) 
Pretec swith a lO tt. x 61/4 ain. 107-9s1 liveon ol 200 on 
60/80 chromosorb WAW glass column, O°. For the reactions 
which were carried out in highly viscous solvents such 
as Nujol, it was necesary to warm up the reaction 
vessel to ~50° to make sure that all the isobutane and 


isobutylene have been distilled. Isobutane and iso- 
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butylene were identified by their mass spectral cracking 
pattern and their GLC retention times compared with 
those of authentic samples. The residual reaction 
mixture was transferred back into the vessel by warming 
traps (E) and (D) to room temperature and cooling the 
Original reaction vessel to (-198°). After removing the 
reaction vessel from the vacuum line a known amount of 
Standard (undecane, dodecane or hexadecane) was added 

to the mixture and the mixture was subjected to GLC 
analysis (Carbowax and QF-1 columns). 

The remaining products, 2,2,3,3-tetramethylbutane 
and phenyl isobutyl sulfide, were identified by com- 
paring their mass spectral cracking pattern and their 
GLC retention times with those of authentic samples. 

No attempt was made to quantitatively determine 
the amounts of phenyl disulfide and diphenyl sufide 
obtained in the reaction. No other product could be 
detected. The products, 2,2,3-trimethylpentane, 2,4,4- 
trimethyl-l-pentene and 2,4,4-trimethyl-2-pentene, that 
were likely to be formed in the reaction of tert-butyl 
radicals and isobutylene, were specifically searched 
for (GLC) and were found to be undetectable. The re- 


sults of these analyses are listed in Table 16. 


Photodecomposition of AI8 in Benzene. 


A sample of AIB in benzene was prepared and the 
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photodecomposition and gas analysis was carried out 

in the same manner as described above. A sample of 
noncondensable gases collected was subjected to mass 
Spectral analysis and was shown to be solely nitrogen. 
The residual reaction mixture was transferred into the 
reaction vessel and removed from the vacuum line. A 
known amount of standard (dodecane) was added to the 
mixture and the mixture was subjected to GLC analysis 
(Carbowax column). Beside the combination product, 
2,2,3,3-tetramethylbutane, one of the (>4) minor 
products (~1.5%) was identified to be tert-butylbenzene 
by its mass spectral cracking pattern and its GLC re- 
tention time. The results of a representative number 


on Whelserrarnail ysis rare sl, s Beds imi sRalb her Ti72. 
Photodecomposition of AIB in BenZonitrile. 


The reaction of AIB-in benzonitrile was carried 
out and analyzed in the same manner as described for the 
AIB decomposition in benzene. The analysis of the re- 
maining solution by GLC (Carbowax column) showed the 
presience) of icombina'tion product! i223) 73 =te' tramehity l'- 
butane. One of the (>4) minor proddéts (~7.5%) was 
identified as p-cyano-tert-butyl benzene by a comparison 
Of—tes=mass-spectral cracking pattern and 1ts GLC re- 
tention time with that of an authentic sample. Sub- 


sequently it was shown by usina the methyl silicon 
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capillary column that the peak identified as p-cyano- 
tert-butylbenzene was a mixture of two compounds is an 
approximate’ 17:1 rationy Wher Glee retention time? of the 
larger peak was identical as p-cyano-tert-butylbenzene 
and the smaller peak was tentatively assigned the 


Structure, o-cyano-tert-butylbenzene (Table 17). 
GLC Analyses. 


All analyses were carried out using a HP 5840-A 
gas chromatograph fitted with a flame ionization detector. 
All quantitative values reported were electronically 
integrated (HP 5840-A) and were determined using 
Standard calibration curves obtained from known mixtures 
of authentic materials. The relative GC areas for 
gaseOus samples were determined using the method of 


peak height x peak width at one-half peak height. 
Viscosity Measurements. 


The viscosities of the substituted toluenes, 
benzenes and all other solvents were determined at 30° 
using an Ostwald viscometer, calibrated using distilled 


ae 
water as a standard. 


Mass Snectrometry. 


The high-resolution mass spectrometry was carried 


out using an AEI-MS50 mass spectrometer apparatus at a 
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resolving power of 25000. The GC-mass spectrometry 
Was carried Out using an—-AEIT-MS 12 coupled to a Varian 
Aerograph 1400 GC fitted with the Carbowax or OF-1 
columns. The MS 50 and MS 12 were coupled to an AEI 


DS5OS data system. 
GLC-IR Analyses. 


The GC/IR analyses were carried out on kinetic 
Geaction mixtures from the reaction of O021°M AIP sand 
Oo eMOPhsy "i'n p-cyanotoluene and on reaction mixtures 
from tne reacti1on-of 0M AIP. sin benzene and toluene. 
The spectrum for each compound was obtained uSing a 
Nicolet 7199 FT-IR interfaced to a Varian series 3700 
gas chromatograph fitted with the Carbowax or QF-1 
columns. The spectrum of each compound was compared 


with that “of the authentiicomater ial. 
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APPENDIX 


Error Analyses 


Since all the product analyses in this work were 
carried out using GLC, one should take into account, the 
error which is involved in the analytical procedure. 

The error analysis was carried out for a large number of 
the experiments and it was shown that the percentage 

of the error was within the reproducibility of the 
experiment. In the following a few examples of error 
analysis are given. 

Limit error for additions and divisions were 


calculated as: 


Addition: AZ IAX|+ AY] 


Division: Ae = [AKT AY 


1) Error analysis for % cage and Kk y/k. (point 1-2 page 128) 


GLC Analysis 


Compound p-Quantities—y Average A 
1 mmo | Y 
se 02013735.) 0018867 0.018801 0000732 


PhS ~~ 0.086328 0.085840 0.086084 0.000488 


Se + Phs7“~~ 


Error = 0.00062 


aieeeecage- 


0.104885 


" 
iT} 


% cage 


% error = 0.00062 + 0.104885 = 0.6% 
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b ) kK y/ ke: 
kK /k, obtained = 4.57 + 0.5 


£. 0: 000SSe yy 01000132 


4.57 0.086084 0.018801 


fe = 0.0056688 + 0.0070209 


Wee OS U0 


Emroreandlys is ton 2 cage and dN (point 13-14 


page 128) 


GLC Analysis 


Compound Quantities Average A 
Fe mmo | a 
] 2 

= OL023706, Oe O2os 29 0023572 0.00073 


ae 0.020426; 202 0COUG =, 0020593 0.00034 


Lien OF V9 9S. 202 T1640 Or te 139 Oe 00593 


a) % cage = oo + = AS OR Gal coe! 


Error = 0.002669 


% error = 0.161364 = 0.002668 = 1.65% 


b ) Ky/ke: 
ee obtained = 6.74 + 0.16 


AZ _ 0.00073 , 0.00034 , 9.001593 , 0.00034 


6.74 0.023572 OF 0205.93 Oiepaleyeego OF02059%3 
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